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PREFACE  V 

This  work  deals  principally  with  educational  methods,  the  use 
of  apparatus,  and  the  preparation  required  for  making  a  skilled 
observer.  It  is  believed,  however,  that  the  volume  will  not  be 
without  value  as  a  reference  book  to  the  consulting  and  practising 
engineer,  since  it  contains  in  a  single  volume  the  principal  standard 
methods  which  have  from  time  to  time  been  adopted  by  various 
engineering  societies  for  the  testing  of  materials,  engines,  and  other 
machinery,  and  an  extensive  series  of  tables  useful  in  computing 
results.  It  also  contains  a  description  of  the  apparatus  required 
in  testing  and  directions  for  taking  data  and  deducing  results  in 
engineering  experiments  as  applied  in  nearly  every  branch  of  the  art. 

An  attempt  has  been  made,  by  dividing  the  book  into  several 
chapters  of  moderate  length  and  making  the  paragraphs  short,  to 
make  references  to  the  book  easy  to  those  who  care  to  consult  it. 

The  full  list  of  subjects  treated  in  the  book  is  given  in  the  Table 
of  Contents,  which  immediately  follows  the  Preface.  Some  of  the 
more  important  divisions  of  the  work  are  as  follows: 

Eiperimental  Methods  of  Investigation. 

Reduction  of  Experimental  Data.    The  Slide  Rule;  the  Planimeter. 

Strength  of  Materials,  Including  General  Formula;,  Testing  Machines,  and 

Methods  of  Testing. 
Methods  and  Instruments  for  Measurement  of  Pressure. 
Methods  and  Instruments  for  Measuring  Temperature. 
Methods  and  Instruments  for  Measuring  Speed. 
Friction  and  the  Testing  of  Lubricants. 
Measurement  and  Transmission  of  Power. 
Heat  and  Properties  of  Gases  and  Vapors. 
Measurement  of  Liquids,  Gases  and  Vapors. 
Combustion  and  Fuels. 

Methods  ofDetermining  the  Amount  of  Moisture  in  Steam. 
The  Engine  Indicator. 
The  Indicator  Diagram. 
The  Testing  of  Steam  Boilers. 

The  Testing  of  Steam  Engines,  Pumping  Engines  and  Locomotives. 
Steam  Turbines. 
Injectors. 

Gas  Engines  and  Gas  Producers. 
Hot  Air  Engines. 
Air  Compressing  Machinery. 
Mechanical  Refrigeration. 
Hydraulic  Machinery. 
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2  EXPERIMENTAL  ENGINEERING 

The  results  axe  usually  a  series  of  single  observations  on  a  vari- 
able quantity,  and  not  a  series  of  observations  on  a  constant  quan- 
tity;  so  that  the  method  of  finding  the  probable  error,  by  the  method 
of  least  squares,  is  not  often  applicable.  This  method  of  reducing 
and  correcting  observations  is,  however,  of  such  value  when  it  is 
applicable  that  it  should  be  familiar  to  engineers,  and  should  be 
applied  whenever  practicable.  The  fact  that  single  observations 
are  all  that  often  can  be  secured  renders  it  necessary  in  this  work 
to  take  more  than  ordinary  precautions  that  such  observations  be 
made  correctly  and  with  accurate  instruments. 

2.  Relation  of  Theory  to  Experiment  —  It  will  be  found  in  gen- 
eral better  to  imderstand  the  theoretical  laws,  as  given  in  text-books^ 
relating  to  the  material  or  machine  under  investigation,  before  the 
test  is  commenced;  but  in  many  cases  this  is  not  possible,  and  the 
experiment  must  precede  a  study  of  the  theory. 

It  requires  much  skill  and  experience  in  order  to  deduce  general 
laws  from  special  investigations,  and  there  is  always  reason  to 
doubt  the  validity  of  conclusions  obtained  from  such  investigations 
if  any  circumstances  are  contradictory,  or  if  any  cases  remain  un- 
examined. 

On  the  other  hand,  theoretical  deductions  or  laws  must  be  rejected 
as  erroneous  if  they  indicate  results  which  are  contradictory  to  those 
obtained  by  experiments  subject  to  conditions  applicable  in  both 
cases. 

3.  The  Method  of  Investigation  is  to  be  considered  as  consisting 
of  three  steps:  firstly,  to  standardize  or  calibrate  the  appantm 
or  instruments  used  in  the  test;  secondly,  to  make  the  test  in  such 
a  way  as  to  obtain  the  desired  information;  thirdly,  to  write  a 
report  of  the  test,  which  is  to  include  a  full  description  of  the  methods 
of  calibration  and  of  the  results,  which  in  many  cases  should  be 
expressed  graphically. 

The  methods  of  standardizing  or  calibrating  will  in  general 
consist  of  a  comparison  with  standard  apparatus,  under  conditions 
as  nearly  as  possible  the  same  as  those  in  actual  practice.  These 
methods  will  be  given  in  detail  later.  The  manner  of  performing 
the  test  will  depend  entirely  on  the  experiment. 

The  report  should  be  written  in  books  or  on  paper  of  a  prescribed 
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form,  and  should  describe  clearly:  (i)  Object  of  the  experiment; 
(2)  Deduction  of  formulae  and  method  of  performing  the  experi- 
ment; (3)  Description  of  apparatus  used,  with  methods  of  cali- 
brating;  (4)  Log  of  results,  which  must  include  all  the  figures  taken 
in  the  various  observations  of  the  calibration  as  well  as  in  the 
experiment  These  results  should  be  arranged,  whenever  possible, 
in  tabular  form;  (5)  Results  of  the  experiment;  these  should  be 
expressed  numerically  and  graphically,  as  explained  later;  (6)  Con- 
clusions deduced  from  the  experiment,  and  comparison  of  the  results 
with  those  given  by  theory  or  other  experiments. 

4.  Clawafiration  of  Experimenti.  —  The  method  of  performing 
an  experiment  must  depend  largely  on  the  si>ecial  object  of  the  test, 
which  should  in  every  case  be  clearly  comprehended.  The  follow- 
ing subjects  are  considered  in  this  treatise,  under  various  heads: 
(i)  The  caUbration  of  apparatus;  (2)  Tests  of  the  strength  of 
materials;  (3)  Measurements  of  liquids  and  gases;  (4)  Tests  of 
friction  and  lubrication;  (5)  Efficiency  tests,  which  relate  to  (a) 
belting  and  machinery  of  transmission,  (b)  water-wheels,  pumps, 
and  hydraidic  motors,  (c)  hot-air  and  gas  engines,  (d)  air-com- 
pressors and  compressed-air  machiner\%  (e)  steam-engines,  boilers, 
injectors,  and  direct-acting  pumps. 

5.  Efficiency  Tests.  — Tests  may  be  made  for  various  objects, 
the  most  important  being  probably  that  of  determining  the  efficiency, 
capacit}',  or  strength. 

The-efficiencv  of  a  machine  is  the  ratio  of  the  useful  work  delivered 
by  the  machine  to  the  whole  work  supplied  or  to  the  wliole  energy 
received.  The  limit  to  the  efficiencv  of  a  machine  is  unity,  which 
denotes  the  efficiency  of  a  perfect  machine. 

The  whole  work  performed  in  driving  a  machine  is  evidently 
equal  to  the  useful  work,  plus  the  work  lost  in  friction,  dissijjated 
in  heat,  etc.  The  lost  work  of  a  machine  often  consists  of  a 
constant  part,  and  in  addition  a  part  bearing  some  definite  j^ro- 
fjorrion  to  the  useful  work;  in  some  cases  all  the  lost  work  is 
constant. 

Efficiency  tests  are  made  10  determine  the  ratio  of  useful  work 
performed  to  total  energ}*  received,  and  require  the  determinaiion 
of,  first,  the  work  or  energy  received  by  the  machine;  second,  ine 
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11^4  ftil  ^vni  k  ilrlivrrccl  by  the  machine.  The  frictkm  and  other  loat 
Moik  \>  \Uc  iliiTrrrncc  bet>»'een  the  total  energy  sappBed  and  the 
ti>«  hil  \\%\\V  tlclixTrcd.  In  case  the  effidenq^  of  the  various  parts 
oi  till  mm  hinr  i»  ixvmputcd  separatdy,  the  e£Bciency  of  the  vfaok 
%^^*^^  tuiu  i«  v\\\\a\  U^  \ht  pTMluct  of  the  cflkjcncies  of  the  various 
«*Mn|s%tuni  |^^-l>  which  transmit  enei^gy  from  the  drivnig-point  to 

1  !h  ^^  oi  k  %)«Mir  «M^  c'M'ilC^  transmitted  is  nsnallT  eaptcaaed  in 
KsM  tsM<n«U  |S')  minutr  C4'  umc^  or  in  horae^power,  irfaich  is  eqnivar 
K>^^   '««  \^«vv^  Kx^t jx-^iHi:!;^  per  minmr.  or  550  ioot-ponnds  per 

^    %  iiMMiiw^fMi  ^  1ti9«teHial  Snan. — In  ihe  icOovipK  aiti- 
,  n>  .r>  ik^^^Kv;  ,\»  y<s)mcji^  o^tstmcims^  send 

N .   ,...>  *  N  x*Ons\v  f^^^Ai,    Tht  ^hwcr naaanE  n>  At  ptiilialJitjr 

V  .N.?v>.    iV  ;Kr  wviTS^  )>^  C^nac«s9ie:  nm£stec  \!f 

X  *^  iVHk  ».>>i'^  -*^iir*  ant 


■•  V 


«   -kiVk  «      .. 
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probable  value  of  these  errors  can  be  computed  by  the  Metho; 
OF  Least  Squahjes. 

Before  making  application  of  the  Method  of  Least  Squares 
determine  the  value  of  the  systematic  errors,  eliminate  them,  an( 
apply  the  Method  of  Least  Squares  to  the  determination  of  acci 
dental  errors, 

7.  Probability  of  Errors.  —  The  following  propositions  are  re 
garded  as  ajdoms,  and  are  the  fundamental  theorems  on  which  th 
Method  of  Least  Squares  is  based  : 

1.  Small  errors  will  be  more  frequent  than  large  ones. 

2.  Errors  of  excess  and  deficiency  (that  is,' results  greater  o 
less  than  the  true  value)  are  equally  probable  and  will  be  equall; 
numerous. 

3.  Large  errors,  beyond  a  certain  magnitude,  do  not  occur 
That  IS,  the  probability  of  a  very  large  error  is  zero. 

From  these  it  is  seen  that  the  probability  of  an  error  is  a  fimctioi 
of  the  magnitude  of  the  error.  Thus  let  x  represent  any  error  anc 
y  its  probability,  then 

y^Kx). 

By  combination  of  the  principles  relating  to  the  probability  o 
any  event  Gauss  determined  that 

y  -  ce-^^,  (i; 

in  which  c  and  h  are  constants,  and  e  the  base  of  the  Napieriai 
system  of  logarithms. 

8.  Errors  of  Single  Observations.  —  It  can  be  shown  by  calcula 
lion  that  the  most  probable  value  of  a  series  of  observations  madt 
on  the  same  quantity  is  the  arithmetical  mean,  and  if  the  obser 
vations  were  infinite  in  number  the  mean  value  would  be  the  tru< 
value.  The  residual  is  the  difference  between  any  observation  anc 
the  mean  of  all  the  observations.  The  mean  error  of  a  singl 
ohseroation  is  the  square  root  of  the  sum  of  the  squares  of  the  resid 
ttals,  divided  by  one  less  than  the  number  of  observations.  Th< 
probable  error  is  0.6745  times  the  mean  error.  The  error  of  ifu 
^«tti/  is  that  of  a  single  observation  divided  by  the  square  root  o 
tkeir  number. 

Thus  let  n  represent  the  number  of  observations,  5  the  sum  of  th< 
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squares  of  the  residuals;  lei  f,  f,,  r,,  etc.,  represent  the  residual, 
which   i>  the  diderence  between  anv  observation  and   the 
value;  let  1  denote  the  sum  of  the  quantities  indicated  by 
symbol  directly  following. 

Then  we  shall  have  

Mean  error  of  a  single  observation        ±  V' t2! 

'  n  —  I 

Probable  error  of  a  single  obser\'ation  ±  0.6745!/ \3 

•  ^      t 

/       5 
Mean  error  of  the  result  ±  \  14 

Probable  error  of  the  result  ±  0.6745V' :^ 

In  everv  case  5  =  Sr. 

9.  Ezample.  —  The  following  examf^  illustratts  the  mediod 
of  correcting  observations  made  on  a  single  quantity: 

A  grca*.  number  of  measurements  have  been  made  id  dcicniiine 
the  zt'kAiion  of  the  British  standard  vard  to  the  meter.  The  Brhiai 
^Canc^<i  of  len^h  i>  the  distance,  on  a  bar  of  Baikr-'s  faraoze. 
CA::«fc<xT.  I'AKj  iinci^  Of  awn  on  plugs  at  the  bottom  of  vdiis  sank  u> 
r.^:  :;.v  'Uvch  <j:  :j;e  bar.  The  marks  are  one  inch  from  cacL  end. 
l.M:  ri'j^.rc  '.y  ?:.aiyiarc  a:  72^  F..  and  is  known  as  tbe  Imperial 

J:.*:  iiici^e:  1-  :h.e  <ii:5'Macce  between  the  ends  of  a  bar  of  piarimmi 
r^t  1.1/  >:.zu  A.  z'  r.,  aTifi  ii  known  as  the  yOtn  ies  Atrdkasx^ 

J  -      :..y. v.r./  are  aome  of  these  deierminazioiis.    Hoc  azaoe 
'.     '  .u'x.'.  .::  :>/A  '^-  is^jz^-.  generally  recogmsed  as  of  ike  g^caccs 

./:•>;  ..■,.••■    •'■/?    h'yll\<H   AND   FRENCH  IffASTKES. 


•  •■  "'     '       '  ■•*■     "  _  ^„i_^ 


■•.>  i*e— »«-: 

l:*» 

i-'r 

iix^a. 

'i 

'     i 

'?V 

?'-'-: 

vy. 

^r 

::"'*:' 

</'. 

'/* 

;  "1  ■  r 

•    > 

>.*  • 

'_*  • 

;'Vr 
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•  :;i  ro 
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2^  =  5  =  o.oocx>907024,    »  =  5,    »(»  —  i)  =  20. 

-can  error  of  a  single  observation  =  ±  V =  0.00476. 

^  n  —  1 

i'robable  error  of  single  observation  =  ±  0.00317. 

/       ^ 
Mean  error  of  mean  value  =  ±  v~:^ :  =  0.00213. 

^  n{n  —  i) 

Probable  error  of  mean  value  =  ±  0.00142. 

That  is,  considering  the  observations  of  equal  weight,  it  would 
be  an  even  chance  whether  the  error  of  a  single  observation  were 
greater  or  less  than  0.00317  inch,  and  the  error  of  the  mean  greater 
or  less  than  0.00142. 

10.  Combination  of  Errors.  — When  several  quantities  are  in- 
volved it  is  often  necessary  to  consider  how  the  errors  made  upon 
the  different  quantities  will  afiFect  the  result. 

Since  the  error  is  a  small  quantity  with  reference  to  the  result, 
we  can' get  sufficient  accuracy  with  approximate  formulae. 

Thus  let  X  equal  the  calculated  or  observed  result,  F  the  error 
made  in  the  result;  let  x  equal  one  of  the  observed  quantities,  and 
/its  error.    Then  will 

in  which  — ; —  is  the  partial  derivative  of  the  result  with  respect  to 
ax 

the  quantity  supposed  to  vary.     In  case  of  two  quantities  in  which 

the  enors  are  F,  F',  etc.,  the  probable  error  of  the  result 

=  ±  sHFTT^  (7) 

n.  Deduction  of  Empirical  Formulae.  —  Observations  are  fre- 
<luently  made  to  determine  general  laws  which  govern  phe- 
nomena, and  in  such  cases  it  is  important  to  determine  what 
bnnula  will  express  with  least  error  the  relation  between  the 
observed  quantities. 

These  results  are  empirical  so  long  as  they  express  the  relation 
l)ctween  the  observed  quantities  only;  but  in  many  cases  they  are 
applicable  to  all  phenomena  of  the  same  class,  in  which  case  they 
express  engineering  or  physical  laws. 


s 


.:^  «:  ;hc94r  c^^<^  ii  i$  im^Kvtiai:  due  ihr  iona  of  the  eq;iiatioD  be 
v:n MX  r  «N  « ii:  «roc«r  irvan  :he  cxunnfe^  id  be  chn  liter.  The 
*,\  :v  ,v  :N:  ^;iA:v>9:  is  <dMi  kutwift  iRffc  iiie  cesenl  physical  laws 
V,  ^.\^  -n^  V  sjYAiiftr  c4fcK^  <c  i:  m&y  be  oeMnnninc  bj  an  Jnyytimi 
,x  . ,  ^v  ^^K'^^oiK  S  X  jra^^iral  TeaceacDadkai  a:  the  cxperi- 

\  ^T'*>   4;ii^  c^iau^  ^^  TmcaMgngna.  laaj  be  jiLwurimad  bv 


.  i>c     V  vr  ^■>>*v»-  ^n'nw5Sfia:vtsr.  a:  ae  rant  nimraTrg^  a  paia- 


-    »i 
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Thus,  for  instance,  let  d  equal  a  very  small  fraction;  then  tl 
expression 

(a  -h  8)"^  =  a*"  +  nMT-^  d  +  m  ^^  ""  ^^  a*"-'  J»  +  ,  etc., 


will  become  a  +  ma^"^  d,  if  the  higher  powers  of  8  be  neglecte< 
If  0  is  equal  to  Whjs  part  of  a,  the  error  which  results  from  omittii 
the  remaining  terms  of  the  series  becomes  very  small,  as  in  this  cai 
the  value  of  d^  =  jiyiyiviyTF  «. 

The  following  table  of  approximate  formulae  presents  sever 
cases  which  can  often  be  applied  with  the  effect  of  material 
reducing  the  work  of  computation  without  any  sensible  effect  c 
the  accuracy: 

(i  4-  *)*«  =  I  +  md, 
(i  4-  d)»   =  I  +  2 


vTT^   =  I  +  ja, 

(i  -h  a)'   =  I  +  3  a, 

I 


I  +a 

I 


=  I  — 


(i  -  3)'"=  I  —  md; 

(l! 

(i  -  *)»  =  I  -  2  a; 

(i; 

Vi  -d  =  I  -  ^d; 

(li 

(i  -5)«=  I  -33; 

-^  =  I  +  *; 

(K 

(I  +8) 

1 


-,  =   1-  2  J, 


I      — 

I 

(I  -  sy 
I 


1+2 


=  I  +  J*; 


I  ± 


Vi  +  d  '  '        Vi  -  d 

(i  +  J)  (i  +  e)  (i  +  C)  =  I  +  *  +  e  +  f; 

(I  -  a)  (I  - «)  (I  -  0  •=  I  -  5  - «  -  c; 

(i  ±  *)  (i  ±  0  (I  ±  C)  =  I  ± 
(I  ±  ^)  (I  ±  c) 

(I  ± «)  (I  ± »») 

2 

sin  (:c  +  *)  =  sin  jc  +  5  cos  x; 
cos  (:c  +  5)  =  cos  Ji-  —  5  sin  x; 

8 


tan  (x  4-  5)  =  tan  ^  + 

^  cos*  X 

sin  (x  —  d)  =  sin  ^  —  ^  cos  x; 
cos  (x  —  d)  =  cos  X  +  ^  sin  01? 


=  tan  X  +  8  sec^  :v; 


(1' 
(2. 

(2: 


(2, 

(2. 
(2 

(2 

(2 
(2 
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13.  Th*  Rejection  of  Doubtful  Observations.*  —  It  often  hap- 
pens that  in  a  set  of  observaiions  there  are  certain  values  which 
are  so  much  al  variance  with  Ihe  majority  that  the  observer  rejects 
them  in  adjusting  the  results.  This  might  be  done  by  application 
of  Rule  3>  Anicle  7,  provided  the  magnitude  of  the  errors  which 
could  not  occur  were  definitely  determined ;  but  to  reject  such  obser- 
vations without  proper  rules  is  a  dangerous  practice,  and  not  to  be 
recommended. 

This  brings  into  sight  a  class  of  errors  which  we  may  term  mistakes. 


and  which  are  in  no  sei 

been  considering, 
misunderstanding  of  luc 
numbers,   inverting  the  numoci 
shown  thai  a  mistake  has  occt 
certainty,    the    oljstT\'ations 
i^lowance  Jor  all  (omtant  errors^ 
unquestiotMbly  mistakti  shoitU  be  1 
The  remaining  discrep«nctes  m 
irregular  or  auuJeHial  errors,  '■ 
in  the  pre^evlinj;  articles;  the 
wholly  compensated  for  by  the 


-bsenation,  such  as  we  have 
It  from  various  causes,  as  a 
■  from  recording  the  wrong 
,;  and  when  it  is  cenainly 
it  cannot  be  corrected  with 
«    rejected.      A/ler    making 

ri'ittUs  excrpi  those  ■which  are 

led, 

then  fall  under  the  head  of 

■«•■  to  be'  corrected  as  explained 

[  a  large  error  is  largely  or 

:r  hequency  of  the  smaller 


14.    When  to  NtglccI  Enon.  —  'ly  all  the  ohserraiians  taken 

on  any  expiTicneiilal  work,  are  cumbined  with  observations  of  some 
other  (luaniily  in  order  to  obtain  th«  desired  result  Thus,  for 
example,  in  the  test  of  a  steam-eoj^ine,  observations  of  the  number 
of  revolution.s  and  of  the  mvao  cffccti^'e  pressure  acting  on  the 
piston  are  lombined  with  the  constants  giving  the  length  of  stroke 
:uid  area  o(  piston.  The  product  of  these  various  quantities  gives 
'hv  work  di.iH-  per  unit  of  time. 

All  of  thcsi-  quantities  arc  subject  to  correction,  and  it  is  often 
iiii|>t>riant  to  allow  tor  such  correction  in  the  result  Just  how 
iinportaiii  these  corrections  may  be  depends  on  the  degree  of  accu- 
r;«.>  which  is  sought.  J 

A-,  ihf  ilegree  wf  accuracy  increa.'ies.  the  number  of  induencnM 
circiiiii-i:uices  increases,  as  well  as  the  difficulty  of  efim ' 

•  -;,.■  \.luisiiiictu  it  iJbservaiions,  by  T.  W.  Wright.     N.  Y,  D.  H 
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hence  this  part  of  the  work  is  often  the  most  difficult  and  sometimes 
the  most  important.  To  what  limit  these  corrections  may  be  carried 
depends  on  our  knowledge  of  the  laws  which  govern  the  experiments 
in  question,  as  well  as  the  accuracy  with  which  the  observations 
may  be  taken.  It  is  evidently  unnecessary  to  correct  by  abstruse 
and  difficult  calculation  for  influences  which  make  less  difference 
than  the  least  possible  imit  to  be  determined  by  observation,  and 
this  consideration  should  no  doubt  determine  whether  or  not  correc- 
tions should  be  taken  into  account  or  neglected. 

Thus,  in  the  case  of  the  test  of  a  steam-engine,  we  have  errors 
made  in  obtaining  the  engine  constants,  i.e.,  length  of  stroke  and 
area  of  piston.  These  errors  may  be  simply  of  measurement,  or 
they  may  be  due  to  changes  in  the  temperature  of  the  body  meas- 
ured. The  errors  of  measurement  depend  on  accuracy  of  the  scale 
used,  care  with  which  the  observations  are  made,  and  can  be  dis- 
cussed as  direct  observations  on  a  single  quantity.  The  errors  due 
to  change  of  temperature  can  be  calculated  if  observations  showing 
the  temperature  are  taken  and  if  the  coefficient  of  expansion  is 
known.  A  calculation  will,  in  case  of  the  steam-engine  constants 
referred  to  above,  show  that  in  general  the  probable  error  of  obser- 
vation is  many  times  in  excess  of  any  change  due  to  expansion,  and 
hence  the  latter  may  be  neglected.  The  question  of  the  com- 
bination of  errors  has  already  been  discussed  in  Article  lo. 

It  is  to  be  remembered  that  the  methods  of  correction  outlined 
in  the  Method  of  Least  Squares  applies  only  to  those  accidental 
and  irregular  errors  which  cannot  be  directly  accounted  for  by 
any  imperfection  in  instruments  or  peculiar  habit  of  the  observer; 
usually  the  correction  for  instrumental*  and  personal  errors  is  to 
be  made  to  the  observations  themselves,  before  computing  the 
probable  error. 

15.  Accuracy  of  Numerical  Calculations.  —  The  results  of  all 
experiments  are  expressed  in  figures  which  show  at  best  only  an 
approximation  to  the  truth,  and  this  accuracy  of  expression  is 
increased  by  extending  the  number  of  decimal  figures.  It  is,^how- 
ever,  evidently  true  that  the  mere  statement  of  an  experiment,  with 
the  results  expressed  in  figures  of  many  decimal  places,  does  not  of 
necessity  indicate  accurate  or  reliable  experiments.     The  accuracy 
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position  representing  the  average  value  of  the  observations.  The 
points  of  observation,  located  on  the  squared  paper  as  described, 
should  be  distinctly  marked  by  a  cross,  or  a  point  surrounded  with  a 
circle^  triangle,  or  square;  and  further,  all  observations  of  the  same 
class  should  be  denoted  by  the  same  mark,  so  that  the  relation  of  the 
curve  to  the  observations  can  be  perceived  at  any  time. 

The  value  of  the  graphical  method  over  the  numerical  one  depends 
largely  on  the  well-known  fact  that  the  mind  is  more  sensitive  to 
form,  as  perceived  by  the  eye,  than  to  large  numbers  obtained  by 
computation.  Indeed,  when  numbers  are  used,  the  averages  of  a 
series  of  observations  are  all  that  can  be  considered,  and  the  effect 
of  a  gradual  change,  and  the  relation  of  that  change  to  the  result, 
are  often  not  perceived. 

Every  experiment  should  be  expressed  graphically,  and  students 
should  become  expert  in  interpreting  the  various  curves  produced. 
A  sample  of  paper  well  suited  for  representing  experiments  is  bound 
in  the  back  portion  of  the  present  work.  In  case  the  horizontal 
distances  or  abscissae  represent  space  passed  through,  and  the 
vertical  distances  or  ordinates  represent  the  force  acting,  then  will 
the  area  included  between  this  curve  and  the  initial  lines  represent 
the  product  of  the  mean  force  into  the  space  passed  through,  — or, 
in  other  words,  the  work  done.  The  units  in  which  the  work  will 
be  expressed  will  depend  on  the  scales  adopted.  If  the  unit  of  space 
represent  feet,  the  unit  of  force  pounds,  the  results  will  be  in  foot- 
pounds. The  initial  lines  in  each  case  must  be  drawn  at  distances 
corresponding  to  the  scales  adopted,  and  must  represent,  respec- 
tively, zero-force  and  zero-space. 

To  find  the  length  of  the  mean  ordinate,  from  which  the  mean 
pressure  is  easily  obtained,  vertical  lines  are  drawn  so  close  together 
that  the  portion  of  the  curve  included  between  them  is  sensibly 
straight;  the  sum  of  these  lines,  which  may  be  expeditiously  taken 
by  transferring  them  successively  to  a  strip  of  paper  and  measuring 
the  total  length,  is  found;  and  this  result  divided  by  the  number  gives 
the  length  of  the  mean  ordinate.  This  length  multiplied  by  the 
scale  gives  the  pressure.  An  integrating  instrument,  the  planimeter, 
is  more  frequently  used  for  this  purpose,  and  gives  more  accurate 
results.     The  theory  of  the  instrument  and  the  method  of  using  are 
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of  greai  inponaoce  co  enginea^  uid  ue  givea  id  fidl  m  the  £E)Qowii^ 

chapCer. 

LogcrithMic  Crasx-sKtHoH  Paprr  is  tctt  coarcnieiiE  for  tbe  redoc- 
tkia  of  certain  forms  of  curves  to  algebraic  or  analnic  equatioos. 
The  ruling  of  tiii5  paf)£r  are  atade  at  distances  proporttooal  to  the 
k>t^ntiuD&  o{  the  niunlKrs  trbkb  represeni  tbe  ardinaies  and  abscis- 
szi.  Aaf  carve  wbicb  nar  be  rvpnsaited  hj  a  «imple  logaritbrnic 
or  eipoceatial  equaDoo  would  be  lepRSCtued  oa  paper  nJed  in  this 
wa?  by  a  straigiu  ime.  Tbas,  w  equaiian  of  the  general  form 
y  =  Bx"  can  be  rcdocct^  "  "*'  "*  *""  y  =  log  B  —  « log  x.  which  is 
tbe  eqoatioa  of  a  snai)  thmtc  onus,     in  tfais  equation 

K  is  the  tangent  of  th       ^k  i  .ae  One  makes  vilh  the  asis  of 

abscisss,  and  £  is  tbe      etcept  oa  t    s  az^  &Qin  tbe  ongin.     Paper 
ruled  in  this  manner  can  be  pbcained  Emm  most  dealers  in  technical    ' 
supplies.     In  case  il  cannot  I  amed.  ordinary  cn;>ss-section    I 

paper,  as  shown  m  the  Appet  i  to  this  book,  mar  be  used  b>' 
numbering  the  graduatioos  oa  tbe  aacs  of  abecisss  and  ordioalcs  as 
proportional  to  the  logarithms  of  the  distances  &om  the  origin. 

17.   Autograpfatc   Dtagnms.  —  In   various  instrument   used  in 
testing,  a  diagram  b  draws  autocnatJcallY.  in  which  the  abscbsa 
corresponds  to  the  ^pace  parsed  throagb.  the  ordinate  10  the  fbnie 
exerted,  and  the  area  to  the  woric  dooe.     A  ^miliar  iOustratioo  is 
tbe  steam-engine  indicator-diagram,  in  which  borizoatal  distance 
conrespood^  to  the  stroke  of  the  piston  of  the  engine,  and  vertical 
distance  or  ordinates  to  the  pressure  acting  on  the  piston  at  asy 
poiiiL     Tbe  absolute  amount  of  Che  pressures  may  be  determined  by    | 
reference  to  the  aimospheric  line.     The  distance  vertically  between 
the  lines  drawn  on  the  forward  and  back  strokes  of  tbe  engine  is    jl 
the  effective  pressure  acting  00  the  pistun  at  the  given  positicm  of    j. 
its  stroke;  the  mean  length  of  all  iHich  lines  is  the  mean  effectin    I 
pressure  utilized  in  work.     The  vertical  di:^tance  from  any  point  mi    I 
:he  atmospheric  line  to  tbe  curve  drawn  while  the  piston  is  on  its    ' 
forward  >troke  is  the  forward  pressure,  the  corresponding  distance    J 
to  cbe  backpressure  line  is  the  back  pressure,  and  the  areas  between   | 
those  resiuective  curves  give  effective  or  total  work  per  revolution.      % 

\n  amonraphic  device  is  put  on  many  materials  testmg-m^iii 
in  tiiid.  i-ase  the  ordinates  of  the  diagram  drawn  represent  pass 
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applied  to  the  test  specimen,  and  abscissas  represent  the  stretch  of 
the  specimen.  This  latter  corresponds  to  the  space  passed  through 
by  the  force,  so  that  the  area  of  the  diagram  included  between  the 
curve  and  line  of  no  pressure  represents  the  work  done,  —  at  least 
so  far  as  the  resistance  of  the  test-piece  is  equal  to  the  pull  exerted, 
which  is  the  case  within  the  elastic  limit  only. 

Various  d)mamometers  construct  autographic  diagrams  in  which 
ordinates  are  proportional  to  the  force  exerted  and  abscissae  to  the 
space  passed  through,  so  that  the  area  is  proportional  to  the  work 
done.  The  diagram  so  drawn  would  represent  the  work  done 
equally  well  were  ordinates  proportional  to  space  passed  through 
and  abscissae  to  the  force  exerted,  but  such  diagrams  are  not  often 
used. 
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CHAPTER   n. 

APPARATUS   FOR   REDUCTION   OF   EXPERIBfENTAL   DATA   AITD  FOR 

ACCURATE  MEASURElfENT. 

i8.  The  Slide-rule.  —  The  slide-rule  is  made  in  several  fonos, 
but  it  consists  in  every  case  of  a  sliding  scale  in  which  the  distance 
between  the  divisions,  instead  of  corresponding  to  the  numbes 
marked  on  the  scale,  corresponds  to  the  logarithms  of  these  numbers. 
This  scale  can  be  made  to  slide  past  another  logarithmic  scale,  so 
that  by  placing  them  in  proper  positions  there  may  be  shown  the 
sum  or  difference  of  these  scales,  and  the  niunber  correspondingi 
As  these  scales  are  logarithmic,  the  number  corresponding  to  the 
sum  is  the  product,  that  corresponding  to  the  difference  is  the  quo- 
tient. Operations  involving  involution  and  evolution  can  also  be 
performed.  Scales  showing  the  logarithmic  functions  of  angles  arc 
also  usually  supplied. 


Fig.  I.  — The  Slide-kule. 

The  usual  form  of  the  slide-rule  is  shown  in  Fig.  i.    This 
carries  four  logarithmic  scales,  one  on  either  edge  of  the  slide, 
one  above  and  one  below.    Either  scale  can  be  used;  that  above £' 
generally  equivalent  to  one  half  the  scale  of  the  lower,  and  while  notj 
quite   so  accurate,  is  more  convenient  than  the  one  below. 
trigonometrical  scales  are  on  the  back  of  the  slide.    The  principal 
of  the  computer  is  the  solution  of  problems  in  multiplication 
di\nsion. 

The  following  directions  for  use  of  the  plain  slide-rule,  which 
ordinarily  employed,  give  a  simple  practical  method  of  multiplyii 
or  dividing  by  the  slide-rule,  experience  having  shown  that  wb 
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these  processes  are  fully  understood  the  others  are  mastered  with- 
out instruction. 

Suppose  that  a  student  has  a  slide-rule  of  the  straight  kind,  and 
similar  to  the  one  in  Fig.  i,  which  consists  of  a  stationary  scale,  a 
sliding-scale,  and  a  sliding  pointer  or  runner.  These  parts  we  will 
term,  respectively,  the  scale,  the  slide,  and  the  runner. 

19.  Directions  for  using  the  SUde-mle.  —  Holding  the  rule  so 
that  the  figures  are  right  side  up,  four  graduated  edges  will  be  seen, 
of  which  only  the  upper  two  are  used  in  the  problem  we  are  about 
to  describe.  (The  method  of  using  the  two  lower  scales  would  be 
exactly  the  same,  the  difference  being,  that  they  are  twice  as  long, 
and  that  the  slide  is  above  instead  of  below  the  scale.) 

Move  the  slide  to  such  a  position  that  the  graduations  agree 
throughout  the  length  of  the  scale,  and  place  the  runner  at  a  division 
marked  i,  and  the  rule  is  ready  for  use.  Arrange  the  factors  to  be 
dealt  with  in  the  form  of  a  fraction,  with  one  more  factor  in  numer- 
ator than  in  denominator,  imits  being  introduced  if  necessary  to 
make  up  deficiencies  in  the  factors. 

Thus,  to  multiply  6  by  7  by  3  and  divide  by  8  times  2,  arrange  the 

factors  as  follows: 

6X7X3 

8X2 

The  factors  in  the  numerator  show  the  successive  positions  which 
the  runner  must  take;  those  in  the  denominator  the  positions  of  the 
slide.  Thus,  to  solve  above  example,  start  (1)  with  runner  at  6  on 
the  scale,  always  reading  from  same  side  of  runner;  (2)  bring  figure 
8  on  slide  to  runner;  (3)  move  runner  to  7  on  slide:  the  result  can 
now  be  read  on  the  scale;  (4)  bring  2  on  slide  to  runner;  (5)  move 
runner  to  3  on  slide.  The  result  is  read  directly  on  the  scale  at 
position  of  runner. 

Another  example:  Multiply  11  by  6  by  7  by.  8,  and  divide  by  31. 

In  this  case  arrange  the  factors 

II  X  6  X  7  X  8 
31  X  I  X  I 

Start  with  runner  at  11  on  scale,  move  i  on  slide  to  runner,  move 
runner  to  6  on  slide,  move  i  on  slide  to  runner,  runner  to  7  on  slide, 
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The  difference  in  length  of  one  subdivision  on  the  limb  and  one 
on  the  vernier  is 


\    n    J      n 


which  evidently  will  equal  the  least  reading  of  the  vernier,  and 
indicates  the  distance  to  be  moved  to  bring  the  first  line  of  the 
vernier  to  coincide  with  one  on  the  limb.  In  case  there  is  one  more 
subdivision  on  the  limb  than  on  the  vernier  for  the  same  distance, 
the  interval  between  the  graduations  on  the  vernier  is  greater 
than  on  the  limb,  and  the  vernier  must  be  behind  its  zero-point 
with  reference  to  its  motion,  and  hence  is  termed  retrograde.  The 
formula  for  this  case,  using  the   same  notation  as  before,  gives 

d  ( j  —  i  =  -  for  the  least  reading. 

The  following  method  will  enable  one  to  readily  read  any  vernier: 
I.  Find  the  value  of  the  least  subdivision  of  the  limb.  2.  Find 
the  number  of  divisions  of  the  vernier  which  corresponds  to  a  num- 
ber one  less  or  one  greater  than  that  on  the  limb:  the  quotient 
obtained  by  dividing  the  least  subdivision  of  the  limb  by  this  num- 
ber is  the  value  of  the  least  reading  of  the  vernier.  The  following 
rules  for  reading  should  be  carefully  observed: 

Firstly.  Read  the  last  subdivision  of  the  limb  passed  over  by  the 
zero  of  the  vernier  on  the  scale  of  the  limb  as  the  reading  of  the  limb. 

Secondly.  Look  along  the  vernier  until  a  line  is  found  which 
coincides  with  some  line  on  the  limb.  Read  the  number  of  this  line 
from  the  scale  of  the  vernier.  This  number  multiplied  by  the  least 
reading  of  the  vernier  is  the  receding  of  the  vernier. 

Thirdly.    The  sum  of  these  readings  is  the  one  sought. 

Thus,  in  Fig.  5,  page  22,  (i)  the  reading  of  the  limb  is  4.70  at 
a;  (2)  that  of  the  vernier  is  0.03;  (3)  the  sum  is  4.73. 

21.  The  Polar  Planimeter.  — The  planimeter  is  an  instrument 
for  evaluating  the  areas  of  irregular  figures,  and  in  some  one  of  its 
numerous  forms  is  extensively  used  for  finding  the  areas  of  indicator 
and  d>Tiamometer  diagrams. 

The  principal  instrument  now  in  use  for  this  purpose  was  in- 
vented by  Amsler  and  exhibited  at  the  Paris  Exposition  in  1867. 
This  form  is  now  generally  known  as  Amsler's  Polar  Planimeter; 
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usually  icx);  the  value  of  one  of  these  parts  is  to  be  obtained  by 
dividing  the  circumference  of  the  rim  of  the  wheel  which  is  in 
contact  with  the  paper  by  the  number  of  divisions.  This  result 
will  give  the  value  of  the  least  division  on  the  limb;  this  is  sub- 
divided by  an  attached  vernier,  in  this  particular  case  to  tenths  of 
the  reading  of  the  limb,  so  that  the  least  reading  of  the  vernier  is 
one  thousandth  of  that  of  one  revolution. 

22.  Theory  of  the  Instrument  —  There  are  a  number  of  methods 
of  developing  the  theory  of  the  planimeter,  two  of  which  will  be 
given.  The  first  of  these  is  due 
to  Mr.  G.  B.  Upton,  and  was 
published  in  the  "Sibley  Jour- 
nal" for  1905-06. 

If  a  straight  line  mn  move  in  a 
plane,  it  will  generate  an  area. 
This  area  may  be  considered 
positive  or  negative  according  to 
the  direction  of  motion  of  the 
line.  In  Fig.  6,  let  the  paths 
of  the  ends  m  and  n  of  the  line  be  the  perimeters  of  the  areas 
A  and  B  respectively,  m  and  n  travelling  clockwise  about  these 
perimeters.     The  areas  A,  B,  and  C  between  A  and  B,  are  then 

generated  by  the  line  as 
shown  bv  the  arrows.  Call- 
ing  A  a  positive  area,  it  is 
at  once  apparent  that  the 
net  area  generated  is 
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Fig.  6. 


A  +  C  -  C  -  B,  or  A  -  B. 

The  immediate  rorollarv  to 
^'^*  this  is  that  if  the  area  B  be 
reduced  in  width  to  zero,  as 
in  Fig.  7,  i.e.,  becomes  a  line 
along  which  n  travels  back 
and  forth,  the  area  swept  over  will  be  A,  around  which  m  is 
carried. 

Analyzing  a  differential  motion  of  the  line  from  vin  to  m^n^ 


Fig.  7. 


24  EXPERIMEVl  AI.  ENGINEERING 

(Fig.   8),  it  may  be    .rokcn   up  into  three  parts:  a  movement 
perpendicular  to  the  uce,  giving  area  Up;  a  movement  in  the 

direction   of  the   length  of    the    line, 
giving  no  area;  and  a  movement  of 

'p s 2*  rotation  about  one  end,  giving  as  area 

[  '^^         [  \PdO.     The  total  differential  of  area 

"*  — •— ...^.,.,^<i[^  I    is  then  dA  =  W^  -i-  VPdO,    I  is  always 

n'    a  constant  during  the  operation  of  a 
^^^'  ^-  planimeter.  so  that 


A  =  ^^^.4  =  if  dp  ^  iP  J'ci^?. 


The  common  use  of  a  planimeter  is  that  tj-pified  in  Fig.  7,  where 
the  tracing-point  is  carried  around  the  area  to  be  measured,  wh:'? 
the  other  end  of  the  tracing-arm  is  guided  back  and  forth  along  sor  e 
line.     The  guide-line  is  usually  either  a  straight  line  or  an  arc  of 
circle.     When  the  tracing-px>int  has  returned  to  its  initial  positi 

the  net  angle  turned  through  by  the  tracing- arm,  or  /  dd^  is  ze.o. 

Hence  A  =  I  j  dp  simply.     But  /  dp  is  the  net  distance  the  a  m 

has  moved  perpendicular  to  itself.     Call  this  R,  and  there  results 
£i.c  equation  of  the  planimeter 

-4  =  IR.  (i) 

Th^  Zero-circle  (see  Fig.  9).  — If  the  two  arms  be  clamped  so 
that  the  plane  of  the  record-wheel  intersects  the  centre  P,  and  be 
revolved  around  P,  the  graduated  circle  will  be  continually  travelling 
in  the  direction  of  its  axi^.  and  will  evidentlv  not  revoh'e.  A  circle 
generated  ^der  such  a  condition  around  P  as  a  centre  is  termed  the 
zero-circle"  If  the  instrument  be  undamped  and  the  tracing-point 
be  moved  around  an  area  in  the  direction  of  the  hands  of  a  watch 
outf^ide  the  zero-circle,  the  registering  wheel  will  give  a  positive 
record;  while  if  it  be  moved  in  the  same  direction  arotmd  an  area 
inside  the  zero-circle,  it  will  give  a  negative  record.  This  fact 
makes  it  nect^sary.  in  evaluating  areas  that  are  ver>'  large  and  have 
to  be  mea.sured  by  sv.inging  rhe  instrument  completely  aroimd  P 
as  a  centre,  to  know  the  arei  of  this  zero-circle,  which  must  be 


cause 
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added  to  the  determination  given  by  the  instrument,  since  for  such 
cases  that  circiunference  is  the  initial  point  for  measurement. 

If  the  polar  planimeter  is  so  used  as  to 
bring  m  the  zero-circle,  the  case  is  that  of 
Fig.  6,  each  end  of  the  line  describing  an 
area.  The  tracing-arm  sweeps  over  the 
difference  between  the  area  described  by 
T  (Fig.  9)  and  the  circle  made  by  G  about 
P  as  a  centre.  This  difference-area  is  not, 
however,  recorded  by  the  planimeter  be- 

the  j  dO  is  now  27:  instead  of  zero, 
T  making  a  complete  revolution  about  P.  The  linear  turning  of 
the  edge  of  the  recording-wheel  is  j  dp  —  2;rn,  where  n  is  the  dis- 
tance from  guided  point  G  to  the  plane  of  the  wheel.  The  effect 
on  the  reading  is  the  same  as  if  the  radius  PG  were  increased. 
The  zero-circle  is  traced  by  T  when  the  plane  of  W  passes  through 

P.  Then    J  dp  ^  2  ;rn,  and  the  wheel  records  zero. 

In  practice  the  area  described  by  the  tracing-point  is  found  by 
adding  to  the  area  of  the  zero-circle  the  area  recorded  by  the  wheel, 
taking  account  of  the  algebraic  sign  of  the  latter. 

The  second  demonstration  of  the  theory  of  the  planimeter  is 
given  by  Professor  A.  G.  Greenhill,  published  in  his  "  Differential 
and  Integral  Calculus,"  p.  228. 

The  planimeter  in  its  most  usual  form,  that  invented  by  Amsler 
of  Schaffhausen,  consists  of  two  bars  OA,  AP,  jointed  at  A,  and 
carrying  in  PA  produced  a  small  graduated  roller  R,  with  axis  fixed 
parallel  to  PA  (Fig.  10). 

To  explain  the  theory  of  the  instrument,  let  OA  =  a,  AP  =  b, 
AR  =  c,  and  the  radius  of  the  roller  =  r;  and  let  the  direction  of  a 
positive  rotation  of  the  roller,  as  marked  by  the  graduations,  be 
that  of  rotation  on  a  right-handed  screw  on  the  axle  of  R,  which 
would  give  a  motion  in  the  direction  AR. 

Drop  the  perpendicular  01  from  O  on  AR,  and  first  suppose  the 
joint  A  clamped. 
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Then  if  /  is  in  AR  produced,  a  rotation  of  the  instnaneat 
*.>  with  iimgtdar  ^-elodtr  —  wiU  pve  to  X  the  oompooent  veloi 
OJ  —in  thedircciioa  IR  and/X  — pcqKiidicularto/Ji,andtfa 


<^  on  itie  other  ade  of  X,  the  angular  nlocity  of  the  ndler 
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sxt  undamp  the  joint  A^  and  clamp  O;  the  roller  will  turn  with 
^dlar   velocitj  ^  -  ^  when  the  bar  AP  turns  with  •wgiilar 

di                                                                                                  C 
^  :locity  ^,  so  that  the  roller  will  turn  through  an  angle ^ 

while  AP  turns  through  an  angle  ^ 

Now  suppose  P  to  travel  round  the  finite  circuit  PPiP^  \  by  a 
combination  of  the  preceding  motions  in  the  following  order: 

1.  Clamp  the  joint  A^  and  move  P  to  Pp  and  A  to  ^p  on  arcs 
of  circles  with  center  O;  then  the  roller  will  turn  through  an  angle 

—  ^,  if  t  a  angle  .40.4^  =  POP,  =  0. 

2.  Uncamp  .4  and  clamp  O,  and  move  P,  to  P,  on  the  arc  of 
a  circle  of  center  .4,;  then  the  roller  will  move  through  an  angle 

-  -  ^,  if  the  angle  P^A^P^  «  4>. 

3.  L^Jamp  O  and  clamp  A^  and  move  P^  backwards  to  P,  and 
A,  to  A  on  arcs  of  circles  with  center  O,  through  an  angle  0;  then 

RI 
the  roller  will  move  through  an  angle ^  0,  if  OI^  is  the  per- 
pendicular from  O  on  P,.4. 

4.  '  iclamp  A  and  clamp  O,  and  move  P,  to  P  on  the  arc  of  a 

circle  of  center  J,  and  consequently  through  an  •  ngle  ^;  the  roller 

c 
will  turn  through  an  angle  —  ^,  which  cancels  the  angle  due  to 

motion  (2). 

In  completing  the  finite  circuit  PP^P^P^  the  roller  will  then  have 
turned  through  an  angle 

(RI  -  RI,)  ^  . 

But  the  area  PP,?^^  =  area  PPiQiQ 

=  sector  OPP,  -  OQQ,. 

=  HOP  -  OP^*)0. 

=  h{OA^  +  AP"  +  2  AI '  AP  -  OA-  -AP'-zAI,'  AP)0. 

=  (AI  -  AI,)bO. 

=  br  times  the  angle  (in  cm.)  turned  through  by  the  roller. 
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The  area  PP^P^P^  is  therefore  ft  times  the  travd  of  the  ciicmur 
ference  of  the  roller,  so  that  by  altering  the  length  ft  bv  an  adjust- 
ment on  the  instrument,  the  area  can  be  read  off  in  any  required 
units. 

Any  irregular  area  must  be  supposed  to  be  built  up  of  infinitesimal 
elements  found  in  the  same  manner  as  PP^P^P^  and  will  be  accu- 
rately measured  by  the  roller  when  the  point  P  completes  a  circuit 
of  the  perimeter,  both  joints  being  now  free  to  turn  simultaneously. 

If,  however,  the  origin  O  is  inside  the  area,  the  area  of  the  zero- 
circle  must  be  added  to  the  reading  of  the  roller. 

23.  Forms  of  Polar  Planimeters.  —  Polar  planimeters  are  made 
in  two  forms:  i.  With  length  of  tracing  arm  PA,  Fig.  10,  fized. 
2.  With  length  of  tracing  arm  PA  adjustable  so  that/,  Eq.  (i),  may 
be  varied.  Since  the  area  is  in  each  case  equal  to  the  length  of  this 
arm  multiplied  by  the  lineal  space  R  moved  through  by  the  record- 
wheel,  we  have  in  the  first  ca.se,  since  /  is  not  adjustable,  the  result 
always  in  the  same  unit,  as  square  inches  or  square  centimeters. 
In  this  case  it  is  customarv  to  fix  the  circumference  of  the  record- 
wheel  and  compute  the  arm  /  so  as  to  give  the  desired  units. 

For  example,  the  circumference  of  the  record-wheel  is  assumed 
as  equal  to  100  divisions,  each  one-fortieth  of  an  inch,  thus  giving 
us  a  distance  of  2.5  inches  traversed  in  one  revolution.  The  diameter 
corresfx>nding  to  this  circumference  is  0.796  inch,  which  is  equal 
to  2.025  centimeters.  The  distance  from  pivot  to  tracing-point 
can  be  taken  any  convenient  distance:  thus,  if  the  diameter  of  the 
record- wheel  is  as  above,  and  the  length  of  the  arm  be  taken  as 
4  inches,  the  area  described  by  a  single  revolution  of  the  register- 
wheel  will  be  2.5  X  4  =  lo.o  square  inches. 

Since  there  were  100  divisions  in  the  wheel,  the  value  of  one  of 
these  would  be  in  this  case  o.t  square  inch.  This  would  be  sub- 
divided by  the  attached  vernier  into  ten  parts,  giving  as  the  least 
reading  one  one-hundredth  of  a  square  inch.  By  making  the  arm 
lar^ijer  nnd  the  wheel  smaller,  readings  giving  the  same  units  could 
be  ohtninrd. 

The  frirmula  expressing  this  reduction  is  as  follows:  Let  d  equal 
the  vahie  of  one  division  on  the  record-wheel;  let  /  equal  the  length 
of  the  arm  from  f;ivot  to  tracing-pf)int;  let  A  equal  the  area,  which 
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t  evidently  be  either  i,  10,  or  icx)  in  order  that  the  value  of  the 
ings  in    lineal  measures  on  the  record-wheel  shall  correspond 
the  results  in  square  measures.    Then  by  equation  (i)  we  shall 
iy  supposing  100  divisions, 

100  dl  =  A;  (2) 

A  =  10   square  inches  and  d  =  ^V  ^^ch, 

/==  — =  4. 
2.5 

A  =  10   square  inches  and  d  =  ^V  inch, 

/  =  -=5. 

The  length  of  the  arm  from  center  to  the  pivot  has  no  effect  on 
the  result  unless  the  instrument  makes  a  complete  revolution  aroimd 
the  fixed  point  E,  in  which  case  the  area  of  the  zero-circle  must  be 
conadered.  It  is  evident,  however,  that  this  arm  must  be  taken 
sufficiently  long  to  permit  free  motion  of  the  tracing-point  around 
the  area  to  be  evaluated. 

The  second  class  of  instruments,  shown  in  Fig.  4,  is  arranged  so 
that  the  pivot  can  be  moved  to  any  desired  position  on  the  tracing- 
ann  KF,  or,  in  other  words,  the  length  can  be  changed  to  give 
readings  in  various  imits.  The  effect  of  such  a  change  will  be 
readily  understood  from  the  preceding  discussion. 

24.  The  Mean  Ordinate  by  the  Polar  Planimeter.  —  If  we  let  p 
equal  the  length  of  the  mean  ordinate,  and  let  L  equal  the  length 
of  the  diagram,  Fig.  11,  then  the  area  A  =  Lp,  but  the  area  A  ==  IR 
[Eq.  (i),  p.  24].     Therefore  Lp  =  IR,  from  which 

I  -^  L  =  p  -i-  R.  (4) 

In  an  instrument  in  which  /  is  adjustable,  it  may  be  made  the 
length  of  the  area  to  be  evaluated.  Now  if  /  be  made  equal  L, 
^  =  /?.  Thai  is,  if  the  adjustable  arm  be  made  equal  to  the  length 
ofthediagramy  the  mean  ordinate  is  equal  to  the  reading  of  the  record- 
vihul,  to  a  scale  to  be  determined. 
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The  method  of  making  the  adjustable  arm  the  length  of  the 
diagram  is  facilitated  by  placing  a  point  U  on  the  back  of  the 
planimeter  at  a  convenient  distance  back  of  the  tracing-point  F 
and  mounting  a  similar  point  V  at  the  same  distance  back  of  the 
pivot  C;  then  in  all  cases  the  distance  UV  will  be  equal  to  the  length 
of  the  adjustable  arm  /.  The  instrument  is  readily  set  by  loosening 
the  set-screw  S  and  sliding  the  frame  carrying  the  pivot  and  record- 
wheel  until  the  points  UV  are  at  the  respective  ends  of  the  diagram 
to  be  traced,  as  shown  in  Fig.  1 1. 
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Mean  Ordinate. 
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In  the  absence  of  the  points  V  and  V  the  length  of  the  diagram 
can  be  obtained  by  a  pair  of  dividers,  and  the  distance  of  the  pivot 
C  from  the  tracing-point  F  made  equal  to  the  length  of  the  diagram. 

In  this  position,  if  the  tracing-poinl  be  carried  around  the  dia- 
gram, the  reading  will  be  the  mean  ordinate  of  the  diagram  ex- 
pressed in  the  same  units  as  the  subdivisions  of  the  record-whee' 
thus,  if  the  subdivisions  of  this  wheel  are  fortieths  of  one  inch,  tt 
result  will  be  the  length  of  the  mean  ordinate  in  fortieths.  Tb 
distance,  which  we  term  the  scale  of  the  record-wheel,  is  not  tf 
distance  between  ihe  marks  on  ihe  graduated  scale,  but  is  ihe  cor 
sponding  distance  on  the  edge  of  the  wheel  which  comes  in 
tact  with  the  paper. 

The  scale  of  the  record-wheel  evidently  corresponds  to  a  ! 
distance,  and  il  should  be  obtained  by  measurement  or  com 
lion.  Ii  is  evidently  equal  to  the  number  of  dividona.i: 
circumference  divided  by  -d,  in  which  d  is  the  diameter,  o?  ' 
be  obtained    by  measuring  a  rectangular  diagram  with  a  ' 
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.  equal  to  /,  and  a  mean  ordinate  equal  to  one  inch,  in  which  case  the 
reading  of  the  record-wheel  will  give  the  number  of  divisions  per 
inch.  A  diameter  of  0.795  '^^ch,  which  corresponds  to  a  radius  of 
one  centimeter,  with  a  hundred  subdivisions  of  the  circumference,  cor- 
responds almost  exactly  to  a  scale  of  forty  subdivisions  to  the  inch, 
and  is  the  dimension  usually  adopted  on  foreign-made  instruments. 
35.  The  Suspended  Planimeter.  —  In  the  Amsler  Suspended  Pla- 
nimeter,  as  shown  in  Fig.  12,  pure  rolling  motion  without  slipping 


Fig.  11.  —  Sdefended  Flaniuetek. 

is  assumed  to  take  place.  The  motion  of  the  record-wheel,  not 
clearly  shown  in  the  figure,  is  produced  by  the  rotation  of  the  cylinder 
c  in  contact  with  the  spherical  segment  K.  The  rotation  of  the 
segment  is  due  to  angular  motion  around  the  pole  O,  that  of  the 
cylinder  c  to  its  position  with  reference  to  the  axis  of  the  segment. 
This  position  depends  on  the  angle  that  the  tracing  arm,  ks,  makes 
with  the  radial  arm,  BB,  the  area  in  each  case  being,  as  with 
the  polar  planimelcr,  equal  lo  the  product  of  the  length  of  the 
tracing  arm  from  pivot  to  tracing  point  multiplied  by  a  constant 
factor. 

36.  The  Coffin  Planimeter  and  Averaging  Instrument.  —  The 
instrument  is  shown  in  Fig.  13,  from  which  it  is  seen  that  it  consists 
of  an  arm  supporting  a  record-wheel  whose  axis  is  parallel  to  the 
line  joining  the  extremities  of  the  arm.  This  instrument  was 
invented  by  the  late  John  Coffin,  of  Johnstown,  in  1874.  The 
record-wheel  travels  over  a  special  surface;  one  end  of  the  arm 
travels  in  a  slide,  the  other  end  passes  around  the  diagram. 

27.  Theory  of  the  Coffin  Instrument.  —This  planimeter  may  be 
considered  a  special  form  of  the  Amsler,  in  which  the  point  P,  see 
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This  instrument  may  be  made  to  give  a  line  equivalent  to  the 
mean  ordinate  (M.  O.)  by  placing  the  diagram  so  that  one  edge 
is  in  line  with  the  guide  for  the  arm;  starting  at  the  farthest  portion 
of  the  diagram,  run  the  tracing-point  around  in  the  usual  manner 
to  the  point  of  starting,  after  which  run  the  tracing-point  perpen- 
dicular to  the  base  along  a  special  guide  provided  for  that  purpose 
imtil  the  record-wheel  reads  as  at  the  beginning.  This  latter 
distance  is  the  mean  ordinate. 


Fig.  14.  —  Coffin  Averaging  Instrument. 

To  prove,  take  as  in  Art.  24  the  M.  O.  =  p,  the  length  of  dia- 
gram =  Zr,  the  perpendicular  distance  =  S.     Then 

A  ^  pL^  IR.  (8) 

Let  C  be  the  angle,  EPT,  that  the  arm  makes  with  the  guide, 
Fig.  14.  In  moving  over  a  vertical  line  this  angle  will  remain  con- 
stant, and  the  record  will  be 

/?  =  5  sin  C.  (9) 

For  the  position  at  the  end  of  the  diagram 

sin  C  =  L  -J-  /; 
therefore 

R  =  SL  -^l. 
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planimeter,  and  that  its  graduations  shall  be  equal  to  the  area  to  be 
measured  divided  by  the  length  of  the  arm. 

29.  The  Roller  Planimeter.  —  This  is  the  most  accurate  of  the 
instruments  for  integrating  plane  areas,  and  is  capable  of  measuring 
the  area  of  a  surface  of  indefinite  length  and  of  limited  breadth. 
This  instrument  was  designed  by  Herr  Corradi  of  Zurich,  and  is 
manufactured  in  this  country  by  Fauth  &  Company  of  Washing- 
ton, D.  C. 


Fig.  16.  —  RoLT-EB  Planimeteb. 


A  view  of  the  instrument  is  shown  in  Fig.  16.  The  features  of 
this  instrument  are;  first,  the  unit  of  the  vernier  is  so  small  that 
surfaces  of  quite  diminutive  size  may  be  determined  with  accuracy; 
secondly,  the  space  that  can  be  encompassed  by  one  fixing  of  the 
instrument  is  very  large;  thirdly,  the  results  need  not  be  affected 
by  the  surface  of  the  paper  on  which  the  diagram  is  drawn;  and, 
fourthly,  the  arrangement  of  its  working  parts  admits  of  its  being 
kept  in  good  order  a  long  time. 

The  frame  B  is  supported  by  the  shaft  of  the  two  rollers  ^i^?,, 
the  surfaces  of  which  are  fluted.  To  the  frame  B  are  fitted  the  disk 
A,  and  the  axis  of  the  tracing-arm  F.  The  whole  apparatus  is 
moved  in  a  straight  line  to  any  desired  length  upon  the  two  rollers 
resting  on  the  paper,  while  the  tracing-point  travels  around  the 
di^;ram  to  be  integrated.  Upon  the  shaft  that  forms  the  asis  of 
the  two  rollers  i?,R,  a  minutely  divided  miter-wheel  R^  is  fixed, 
which  gears  into  a  pinion  Ry    This  pinion,  being  fixed  upon  the 
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same  spindle  as  the  disk  A,  causes  the  disk  to  revolve,  and  thereby 
actuates  the  entire  recording  apparatus. 

The  measuring -roller  £,  resting  upon  the  disk  A,  travels  radially 
thereon  in  accord  with  the  motion  of  the  tracing-arm  F,  this  measur- 
ing-roller being  actuated  by  another  arm  fixed  at  right  angles  to  the 
tracing-arm  and  moving  freely  between  pivots.  The  axis  of  the  i 
measuring-roller  is  parallel  to  the  tracing-arm  F.  The  top  end  of 
the  spindle  upon  which  the  disk  .4  is  fi:ted  pivots  on  a  radial  steel  ' 
bar  CC,,  fixed  upon  the  frame  B. 

JO.  Dinctioiis  for  Care  and  Use  of  Planimeters.  —  The  revolv- 
ing parts  should  spin  around  easily  but  at  the  same  time  accurately, 
and  the  various  arms  should  swing  easily  and  shon-  no  lost  motion. 
The  pitch-line  of  the  record-wheel  should  be  as  close  as  possible  to 
the  vernier,  but  yet  must  not  touch  it;  the  counting-wheel  must 
work  smoothly,  but  in  no  way  interfere  with  th^  motion  of  the 
record-wheel.  Oil  occasionally  with  a  few  drops  of  watch  or  nut 
oil.  Keep  the  rim  of  the  record-wheel  clean  and  free  from  rust- 
Wipe  with  a  soft  rag  if  it  is  touched  with  the  fingers. 

Prepare  a  smooth  level  surface,  and  cover  it  with  heavy  drawing- 
paper,  for  the  record-wheel  to  move  over.  Stretch  the  diagram  to 
be  evaluated  smooth. 

Handle  the  instrument  with  the  greatest  care,  as  the  least  injury 
may  ruin  it.  Select  a  pole-point  so  that  the  instrument  will  in  its 
initial  position  have  the  tracing-arm  perpendicular  either  to  the  pole- 
arm  or  to  the  axis  of  the  fiuted  rollers,  as  the  case  may  be;  for  in  this 
position  only  is  the  error  neutralized  which  arises  from  the  fact  that 
the  tracer  is  not  returned  to  its  exact  starling-point.  Then  roarlting 
some  starting-point,  trace  the  outline  of  the  area  to  be  measured  in 
the  direction  of  the  hands  of  a  watch,  slowly  and  carefully,  noting  the 
reading  of  the  record-wheel  at  the  instant  of  starting  and  stopping. 
It  is  generally  more  accurate  to  note  the  initial  reading  of  the  record- 
wheel  than  to  try  to  set  it  at  zero. 

Special  Directions.  —  To  obtain  the  mean  ordinate  with  the  polar 
ilanimeter,  make  the  length  of  the  adjustable  arm  equal  to  the  length 

the  diagnuDQ,  as  explained  in  .A.rt  24,  page  29,  and  follow  directions 
iaat      re. 

C         fiamimeter,  the  grooved  metal  {rfate  i 
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Ltached  to  the  board  upon  which  the  apparatus  is  mounted,  ai 
tiown  in  the  cut,  page  32,  being  held  in  place  by  a  thumb-scre¥ 
ippUed  to  the  back  side. 

The  diagram  will  be  held  securely  in  place  by  the  spring-clips  adja 

cent,  A  and  C,  Fig.  13.    The  area  may  be  found  by  nmning  thi 

tracing-point  around  the  diagram,  as  described  for  the  polar  plani 

meter,  for  any  position  within  the  limits  of  the  arm.    The  meai 

ordinate  may  be  foimd  by  locating  the  diagram  as  shown  in  the  cut 

with  one  extreme  point  in  the  line  of  the  metal  groove  produced 

and  the  dimensions  representing  the  length  of  the  diagram  perpen 

dlcular  to  this  groove^    Start  to  trace  the  area  at  the  point  of  the  dia 

gram  farthest  from  the  metal  groove  produced,  as  shown  in  Fig.  13 

pass  around  in  the  direction  of  the  motion  of  the  hands  of  a  watcl 

to  the  point  of  begiiming;  then  carry  the  tracing-point  along  the 

straight-edge,  AK,  which  is  parallel  to  the  metal  groove,  imtil  the 

record-wheel  shows  the  same  reading  as  at  the  instant  of  starting 

this  vertical  distance  b  the  length  of  the  mean  ordinate. 

31.  Calibration  of  the  Planimeter. — In  order  to  ascertain  whethei 
the  instnmient  is  accurate  and  graduated  correctly,  it  is  necessarj 
to  resort  to  actual  tests  to  determine  the  character  and  amount  oJ 
error. 

It  is  necessary  to  ascertain :  i.  Whether  the  axis  of  record-wheel 
is  parallel  to  axis  of  tracing-arm.  2.  Whether  the  position  of  the 
tracing-arm  vernier  is  correct,  and  agrees  with  the  constai^ts  tabu- 
lated or  marked  on  the  tracing-arm. 

These  tests  are  all  made  by  comparing  the  readings  of  the  instru- 
i&ent  with  a  definite  and  known  area.  To  obtain  a  definite  area,  a 
small  brass  or  German-silver  rule,  shown  at  L,  Fig.  17,  is  used;  this 
nik  has  a  small  needle-point  near  one  end,  and  a  series  of  small  holes 
at  exact  distances  of  one  inch  or  one  centimeter  from  one  another, 
starting  at  unit  distance  from  the  needle-point.  To  use  the  rule  the 
needle-point  is  fixed  on  a  smooth  surface  covered  with  paper,  the 
planimeter  is  set  with  its  tracing-point  in  one  of  the  holes  of  the  rule, 
and  the  pole-point  fixed  as  required  for  actual  use.  With  the  tracing- 
point  in  the  rule  describe  a  circle,  as  shown  by  the  dotted  lines 
(Fig.  17),  around  the  needle-point  as  a  centre.  Since  the  radius  of 
tMs circle  is  known,  its  area  is  known;  and  as  the  tracing-point  of  the 
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planimeter  is  guided  in  the  circumference,  the  reading  of  the  record- 
wheel  should  give  the  correct  area. 

The  method  of  testing  is  illustrated  in  Figs.  17,  18,  19,  and  20. 
Figs.  17  and  19  show  the  method  with  reference  to  the  polar  plani- 
meter; Figs.  18  and  20  show  the  corresponding  methods  of  testing 
the  rolling  planimeter.  In  Figs.  17  and  19,  P  is  the  position  of  the 
pole,  B  the  pole-arm,  and  A  the  tracing-arm.  In  Figs.  18  and  20,  B 
is  the  axis  of  the  rollers  and  A  is  the  tracing-arm. 


p 

A 

a 

1                          t:         ••■! 

> 
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"         J--' 
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Firsl  Test.  This  operation,  see  Figs.  17  and  18,  consists  in 
locating  the  planimctcrs  as  shown,  and  then  slowly  and  carefully 
revolving  so  as  to  swing  the  check-rule  as  shown  by  the  arrow. 
Take  readings  of  the  vernier  at  initial  point,  and  again  on  returning 
to  the  starting-point :  the  difference  of  these  readings  should  give  the 
area.     Repeat  this  operation  several  tim?s. 
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The  instrument  is  now  placed  in  the  position  shown  in  Figs, 
and  20  when  the  circleK  appears  on  the  right-hand  side  of  the  tracing 
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arm  A,  and  the  passage  of  the  tracer  takes  place  in  exactly  the  same 
way. 

If  the  results  obtamed  right  and  left  of  the  tracing-arm  be  equal 
to  one  another,  it  is  clear  that  the  axis  ab  of  the  measuring-wheel  is 
parallel  to  the  tracing-arm,  and,  this  being  so,  the  second  test  may 
now  be  applied.  But  if  the  result  be  greater  in  the  first  case,  that  is 
to  say,  when  the  circle  lies  to  the  left  of  the  tracing-arm,  the  extremity 
a  of  the  axis  of  the  measuring-wheel  must  be  farther  removed  from 
the  tracing-arm;  if  it  be  few,  that  extremity  must  be  brought  nearer 
to  the  tracing-arm. 

Second  TesL  The  tracing-arm  is  adjusted  by  means  of  the  ver- 
nier on  the  guide  and  by  means  of  the  micrometer-screw,  in  accord- 
ance with  the  formulae  for  different  areas;  it  then  is  fixed  within  the 
guide  by  means  of  the  binding-screw.  The  circumferences  of  circles 
of  various  sizes  are  then  traveled  over  with  the  check-rule,  and  the 
results  thus  obtained  are  multiplied  into  the  unit  of  the  vernier 
corresponding  to  the  area  given  for  that  particular  adjustment  by 
the  formula.  The  figures  thus  obtained  ought  to  be  equal  to  the 
calculated  area  of  the  circles  included  bv  the  circumferences.  If  the 
results  obtained  with  the  planimeter  fall  short  of  the  calculated  areas 

I 

to  the  extent  of  -  of  those  areas,  the  length  of  the  tracing-arm,  that  is 

n 

to  say,  the  distance  between  the  tracer  and  the  fulcrum  of  the  tracing- 

I 
arm,  must  be  reduced  to  the  extent  of  -  of  that  length ;  in  the  opposite 

case  it  must  be  increased  in  the  same  proportion.  The  vernier  on 
the  guide-piece  of  the  tracing-arm  shows  the  length  thus  defined  with 
sufficient  accuracy,  usually  in  half-millimeters,  or  about  fiftieths  of  an 
inch,  on  the  gauged  portion  of  the  arm. 

In  order  to  test  the  accuracy  of  the  readings  according  to  the  two 
methods  just  described,  some  prefer  the  use  of  a  check-plate  in  lieu 
of  the  check-rule.  The  check-plate  is  a  circular  brass  disk  upon 
which  are  engraved  circles  with  known  radii. 

It  is  ad\nsable  to  apply  the  second  test  also  to  a  large  diagram 
drawn  on  paper  and  haWng  a  known  area. 

The  instrument  hanng  been  found  correct  or  its  errors  determined, 
it  mav  now  be  used  with  confidence. 
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The  following  form  is  used  to  record  the  results  of  the  test: 

DEPART3CENT   OF   EXPERIMENTAL  ENGINEERING. 

SIBLEY  COLLEGE. 

Calibratiofi  of PUmimetcr. 

Length  of  TnMring  Ann  »  I  » Ithaca,  N.  T^ 

Diameter  of  Register  Whed  —  i— By 

%  Error  from  Calibratioii 

%  Error  from  ^^  -   

PARALX.ELXSM.     (ffntTcit.) 


19 


VO' 

•                                    <• 
iMlnimeat                   Area  from          |     „ 

RoM&it.           1         iMtnuMitt.              ^''' 

t 

1 

■ 

:;::::::::;::;::::::.::::::::::::::::::j'::::::::i::::;:::::::::::....  ::::.:.:....:.:::::: 

1: 1 

i ll i 

' i 

1    ""                        .  ---      -                     .^              .                           -      J 

ACCURACY.     (Seoaad  Test.) 

No. 


Area  from 


Actaal  Area. 


LoKgth  of  Ana 
in  Error,  %, 


Tooloog. 


Too 


ZERO-CIRCLE, 


No, 


laocmmcat 
Roadinf. 


Arcafrc 
lascruincat. 


Gaidcarcle 
Dia. 


Compated 
Area. 


Area  of 
Zero-Cfrdo. 


33.  Errors  of  Different  Planimeters.  —  Professor  Lorber,  of  the 
Royal  Mining  Academy  of  Loeben,  in  Austria,  made  extensive 
experiments  on  various  planimeters,  with  the  results  shown  in  the 
following  table : 
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Area  in  — 


Square 
cm. 


10 
20 

50 
100 

200 

300 


Square 
inches. 


1-55 
310 

7-75 

1550 
31.00 

46.50 


The  error  in  one  passage  of  the  tracer  amounts  on  an  average  to  the  fol- 
lowing  fraction  of  the  area  measured  by  — 


The  ordinary 

Polar  PUmi- 

meter.      Unit 

of  Vernier: 
10  sq.  mm.  ^ 

.015  sq.  in. 


TIT 


Stark's  Linear 
Planimeter. 
Unit  of  Ver- 

nier: 
I  sq.  mm.  ^ 
4)015  sq.  in. 


■nmr 

TiTI 


Suspended 
Planimeter. 
Unit  of  Ver- 
nier: 
I  sq.  mm.  ^ 
.00x5  sq.  in. 


rt 
rrrr 
rJrrs 


Rolling  Planimeter 


Unit  of  Ver- 

nier: 
I  sq.  mm.  ^ 
.00x5  sq.  in. 


lis 

Tolflf 

TTiri 


Unit  of  Ver- 

nier: 
.X  sq.  mm.  ^ 
.000  X  sq.  in. 


T«nnr 

3inro 
tAt 


The  absolute  amount  of  error  increases  much  less  than  the  size  of 
the  area  to  be  measured,  and  with  the  ordinary  polar  planimeter  is 
nearly  a  constant  amount. 

The  following  table  is  deduced  from  the  foregoing,  and  shows  the 
error  per  single  revolution  in  square  inches: 


Xt»m 

p 

Error  in  one  passage  of  the  tracer  in  square  inches  — 

Area  lu 

Polar  Planimeter. 

Unit  of  Vernier: 

10  sq.  mm.  ^ 

.0x5  sq.  in. 

Suspended  Plani- 
meter.   Unit  oi 
Vernier:  isq.mm. 
«  .00x5  sq.  in. 

Rolling  Planimeter  — 

Square 
cm. 

Square 
inches. 

Unit  of  Ver.: 
I  sq.  mm.  <» 
.00x5  sq  in. 

Unit  of  Ver.: 

.1  sq.  mm.  ^ 

.000 X  sq.  in. 

10 
20 

50 
100 

200 

300 

1-55 

7-75 

31.00 
46.50 

0.0207 

0.02Z6 

0.0221 
0.0227 
0.0243 

0.0025 
0.0028 
0.0031 
0.0035 
0.0043 
0.0040 

0.0025 
0.0031 
0.0038 

0.0043 
0.0060 
o.ooe8 

0.0015c 
0.00158 
0.00258 
0.00310 
0 . 00403 
0 . 00465 

w  .  w>^.f  ^                                                              J 

These  errors  were  expressed  in  the  form  of  equations,  as  follows, 
by  Professor  Lorber.  Let  /  equal  the  area  corresponding  to  one 
complete  revolution  of  the  record- wheel;  let  dF  be  the  error  in  area 
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doe  to  use  of  the  planimeter.    Then  £or  the'^SEerent  planimetprs  we 
luKfe  the  following  eqiiationa: 


LcEieal  planimeter, 
Polar  planimeter, 
Precision  polar  planimeter, 
Suspended  planimeter, 
Rolling  planimeter, 


iF  =  OjOOo8i/-h  ojocd&i  y/pf:^ 
dF  =  0x30126  f  -h  OUXXD22  Vjpyj 
rfF  =  ojooo6qf  +  ouxJOiS  v\f/^ 
rfF  «  ax}oo6f  +  0.00026  \/Ff; 
dF  =  0.0009/    "f"  ouxx)6    VF^ 


13.  Special  Phmimcten,  — These,  much  more  complicated  than 
those  described,  have  been  made  for  special  purposes.  Among  these 
we  may  mention  Amsler's  mechanical  integrator  for  finding  the 
moment  of  inertia,  and  G)rradi's  mechanical  integraph  for  draw- 
ing the  derivative  of  any  curve,  the  principal  curve  being  known^ 
thus  giving  a  graphic  representation  of  moment. 


rwrjrrrjrfi  q  r  mj\  r  nji 


Fig.  21. —  Veknier  Calipek. 


^.  Vernier  Caliper.  —  This  instnmient  consists  of  a  siiding-jaw, 
which  carries  a  vernier,  and  mav  be  moved  over  a  fixed  scale.  The 
form  shown  in  Fig.  21  gives  readings  to  ^  inch  on  the  limb,  and  A  this 
amount  or  to  one-thousandth  of  an  inch  on  the  vernier.     The  reading 
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of  the  vernier  as  it  is  shown  in  the  figure  is  1.650  on  the  limb  and 
0.002  on  the  vernier,  making  the  total  reading  1.652  inches.  This 
instrument  is  useful  for  accurate  measurements  of  great  variety;  the 
special  form  shown  in  the  cut  has  a  heavy  base,  so  that  it  will  stand 
in  a  vertical  position  and  may  be  used  as  a  height-gauge.  '  To  use  it 
^  a  caliper,  the  specimen  to  be  measured  is  placed  between  the 
sliding- jaw  and  the  base;  the  reading  of  the  vernier  will  give  the 
required  diameter. 

35.  The  Micrometer.  —  This  instrument  is  used  to  determine 
dimensions  when  great  accuracy  is  desired.  It  consists  of  a  finely 
cut  screw,  one  revolution  of  which  will  advance  the  point  an  amount 
equal  to  the  pitch  of  the  screw.  The  screw  is  provided  with  a  gradu- 
ated head,  so  that  it  can  be  turned  a  very  small  and  definite  portion 
of  a  revolution.  Thus  a  screw  with  forty  threads  to  the  inch 
will  advance  for  one  complete  revolution  ^  of  an  inch,  or  25 
thousandths.  If  this  be  provided  with  a  head  subdivided  to 
250  parts,  the  point  would  be  advanced  one  ten-thousandth  of 
an  inch  by  the  motion  suflScient  to  carry  the  head  past  one 
subdivision. 

The  micrometer  is  often  used  in  connection  with  a  microscope 
having  cross-hairs,  and  in  such  a  case  represents  the  most  accurate 
instrument  known  for  obtaining  the  value  of  minute  subdivisions;  it 
is  also  often  used  in  connection  with  the  vernier.  The  value  of  the 
least  reading  is  determined  by  ascertaining  the  advance  due  to  one 
complete  revolution  and  dividing  by  the  number  of  subdivisions. 
The  total  advance  of  the  screw  is  equal  to  the  advance  for  one  revolu- 
tion multiplied  by  the  number  of  revolutions  plus  the  number  of  sub- 
divisions multiplied  by  the  corresponding  advance  for  each. 

The  accuracy  of  the  micrometer  depends  entirely  on  the  accuracy 
of  the  screw  which  is  used. 

Accuracy  of  Micrometer-screws. —  The  accuracy  attained  in  cutting 
screws  is  discussed  at  length  by  Professor  Rogers  in  Vol.  V.  of 
*'  Transactions  of  American  Society  of  Mechanical  Engineers/'  from 
which  it  is  seen  that  while  no  screw  is  perfectly  accurate,  still  great 
accuracy  is  attained.  The  following  errors  are  those  in  one  of  the 
best  screws  in  the  United  States,  expressed  in  hundred-thousandths 
of  an  inch,  for  each  half-inch  space,  reckoned  from  one  end. 
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Vi^   -ktrirsfi^utn:  twrfir^ir  tJar^^uchnr  Tit  -^te  «rnt5-  nc  -tie  imlnir^ 
;V<^<vn   %i**f    vHiWfTje   rmrmiBBRfarHrrRsr  faiien  *a   ikect  arr  irrnr^ 

' b#v>«*jwi#ith«» '^  «t  n^ii  fnr t.t«rjancer ^uatra  rhroMDurrlia: itsrirrnptr, 
T'>^  '^rr/^-^  n  te  fp^mmaxtuf  y^rrinit  it  he  i£rc:r  ^cre  4LraiPT'  Tint 
At  j»^  'TT/vr  n  he  ▼»irt^  ir,n»sr  i«n^  zz  ixoirbm-^rtBxnsBiixtiB  if  in. 
jd^h  X<*  'h#^  .i»:iAf  -**5irtixt^  v«i  iHie:  •:ea-'linirwinTrti.  "lie  «rcsr -▼35 
,rt  ^^rrrif  vu  li^fty  ix 'TsriWA'^t  'tie  '^nkie  u  !£e  lease  sxniivTaaiiL  lit 
'4^/ythp'r  ^f^"  %i ' h^.  Ame  maife  -he *rmr ■▼a* ^txree  iiiw^ dxac  if  mc 

.f^  P'o:  >  >  •''iw'H  .twti'  vi  rAtaiM  'hrniwci  1.  ixEfi  -nir.  Xi  ±e  icrew 
,«  4tt;j#*!-,#*/t  4^  *7t#rrnj*l  .vuT  or  tkimtie,  -vhicn  oas  1  zradnatEd  edge 
.MMi^'-<tM  .rtfr^  >r;  y^ktrx.  The  ixeii  nut  :a  omkuxiseci  and  carries  x 
'^/IJM^r.  prrr^A  ''r\f,  '^nrrd.  'in  whirh  art  cut  canccntrx  »drdes,  cor- 
^*i**yvfv1in^  ♦A  *  ^4ii*:  Of  '^Tiuai  oartA.  and  a  series  of  parallel  lines^ 
r»^>n  Uvfffs  HP-  '^T^ifr  urifh  reference  :o  *he  scale  on  die  dmnbic.  the 
>.,«»  -Ajf/fifv^jr  /^f  wrhkh  1^  one-tenth  that  on  :he  rhrmbte.  K  the  screw 
r,^  /*.>f  4/,  "^hf^vi*;  vrr  inrh.  one  revolution  will  advance  the  point 
'•r^ry-r  .fw^H.  ;iFM  if  fh^.  thimble  carrv  ir  iuhdivisions.  the  least  read* 
ir^'/  ;/»*'»^  ;«ny  ff/M  mj*rk  on  t^he  barrel  would  be  one-thousandth  of  an 

Prf  m^^fH  of  th^  ^^rnti^ 4bt^ vance  of  the  point  can  be  read  to 


ten -thousandths  of  an  inch.    Thus  in  the  sketches  of  the  barrel  and 
thimble  scales  in  Fig.  a3  the  zero  of  the  vernier  coincides  in  the  upper 
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sketch  with  No.  7  on  the  thimble;  but  in  the  lower  figure  the  zero 
of  the  vernier  has  passed  beyond  7,  and  by  looking  on  the  vernier  we 
see  that  the  4th  mark  coincides  with  one  on  the  thimble,  so  that  the 
total  reading  is  0.007  +  0-0003,  which  equals  0.0073  i^c^- 

This  number  must  be  added  to  the  scale-reading  cut  on  the  barrel 
to  show  the  complete  reading.  The  principal  use  of  the  instrument 
is  for  measuring  external  diameters  less  than  the  travel  of  the  mi- 
crometer-screw, usually 
than  2  inches  in  this  type. 

The  Sweel  Measurin 
machine. — The  Sweet  meas- 
uring-machine is  a  type  of 
micrometer  caliper  arranged 
for  measuring  larger  diam- 
eters than  the  one  previously 
described.  The  general  form 
of  the  instrument  is  shown 
in  Fig.  23.  The  micrometer- 
screw  has  a  limited  range  of 
motion,  but  the  iastrument  is  furnished  with  an  adjustable  tail 
spindle,  which   is  set   at  each  ob5er\-ation   for   distances   in    even 
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inches,  and  the  micrometer-screw  is  used  only  to  measure  [be 
fractional  or  decimal  parts  of  an  inch.  The  instrument  is  furnished 
with  an  external  scale,  graduated  on  the  upper  edge  to  read  in  binary 
fractions  of  an  inch  and  on  the  lower  edge  to  read  in  decimals  of  an 
inch;  this  scale  can  be  set  at  a  slight  angle  with  the  axis  to  correcl 
for  any  error  in  the  pitch  of  the  micrometer -screw.     The  graduated 


Fig.  34. 


disk  is  doubly  graduated,  the  right-hand  graduations  corresponding 
tn  those  on  the  lower  side  of  the  scale.     The  scale  and  graduated 
disk  are  shown  in  Fig.  24,  and  the  readings  corresponding  to  ihe  por- 
tions shown  in  the  figure  are  o.68!2,   ] 
the  las!  number  being  estimated.       j 
The  back  or  upper  side  of  the  j 
scale,  and   the  left-hand  disk,  are  j 
for    binary    fractions,    the   %uies  ] 
indicating    32ds.      Fig.   25    shows  ^ 
the     arrangement    of    the    figures.   ' 
Beginning  at  o  and  following  the 
line    of   cords    to    the    right,   the 
numbers  are  in  regular  order,  everj 
fifth  one  being  coimted,  and  comiii|( 
back  to  o  after  five  circuits, 
is  done   to  eliminate  the  factor 
'mm  the  ten-thread  screw.     In  Fig,  24  the  jwrtion  to  the  1. 
1;.  25  is  seen. 
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The  back  ^de  of  the  index-bar  is  divided  only  to  i6ths,  the  odd 
33ds  being  eaaly  estimated,  as  this  scale  is  simply  used  for  a  "  finder," 
thus:  In  the  figure  the 
reading  line  is  very  near 
the  H  mark,  or  six  33ds 
beyond  the  half-inch. 
This  shows  that  6  is  the 
significant  figure  upon  this 
thread  of  the  screw.  The 
other  figiu'es  belong  to 
other  threads.  The  fig- 
ure 6  is  brought  to  view 
when  the  reading  line 
comes  near  this  dividon 
of  the  scale.  Bring  the  6 
to  the  front  edge  of  the 
index-bar,  and  the  meas- 
urement is  exactly  {\ 
without  any  calculation. 
Thus  every  32d  may  be 
read,  and  for  64ths  and 
other  binary  fractions  take 
the  nearest  32d  bciow  and 
set  by  the  intermediate 
divisions,  always  remem- 
bering that  it  requires jiw 
spaces  to  count  one. 

37.  The  Cathetometer. 
—  This  instrument  is  used 
extensively  to  measure  t 
differences  of  levels  and 
changes  from  a  horizontal 
line.  Primarily  it  consists 
of  one  or  more  telescopes 

sliding  over  a  vertical  scale,  with  means  for  clamping  the  tel 
in  various  positions  and  of  reading  minute   distances.     The  one 
shon-n  in  the  engraving  (Fig.  26)  consists  of  a  solid  brass  tripod  or 


—  Cathetometer. 
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base  supporting  a  standard  of  the  same  metal,  the  cross-section 
of  which  is  shown  at  different  points  by  the  small  figures  on  the 
left.  A  sliding-carriage,  upon  which  is  secured  the  small  level- 
ing instrument  and  which  has  also  a  vernier  scale  as  shown, 
is  balanced  by  heavy  lead  weights,  suspended  within  the  brass 
tubes  on  either  side  by  cords  attached  to  the  upper  end  of  the 
carriage,  and  passing  over  the  pulleys  shown  at  the  top  of  the 
column.  The  column  is  made  vertical  by  reference  to  the  attached 
j)lumb-line. 

The  movable  clamping-piece  below  the  carriage  is  fiied  at  any 
point  required,  by  the  screw  shown  at  its  side,  after  which  the  tele- 
scope can  be  raised  or  lowered  by  rotating  the  micrometer-screw 
attached  to  the  clamp.  The  telescope  is  provided  with  cross-hairs, 
which  can  be  adjusted  by  reversing  in  the  wyes  and  turning  i8o 
degrees  in  azimuth.  The  vertical  scale  is  provided  with  vernier  and 
reading-microscope. 

38.  Aids  to  Computation  may  be  of  three  kinds:  graphical,  tabu- 
lar, or  mechanical. 

Graphical  methods  for  multiplying  and  dividing  are  usually  given 
in  treatises  on  geometry  and  are  often  sufficiently  accurate  for  engi- 
neering purposes. 

Tabular  aids  are  of  two  kinds:  arithmetic,  such  as  product,  quo- 
tient and  reciprocal  tables,  and  logarithmic.  The  Rechentaieln  of 
A.  L.  Crelle  give  one  million  products  and  will  be  found  of  much 
value  in  multiplication  and  division.  There  are  a  number  of  good 
logarithmic  tables,  the  standard  being  those  of  Vega,  but  any  good 
four  or  five  place  table  is  sufficient  for  engineering  work.  As  com- 
pared with  graphical  methods,  the  use  of  tables  usually  gives  more 
accurate  results  with  a  smaller  expenditure  of  time. 

Mechcnical  aids  may  be  either  computing  machines  or  slide-rules. 
Several  very  excellent  machines  for  multiplying  and  dividing  which 
give  accurate  results  to  from  14  to  17  places  are  now  made.  Of 
these  we  may  mention  the  calculating  machine  of  George  B.  Grant 
of  Boston;  the  Brunsvega  of  Grimme-Natlis  &  Co.,  Brunswicki 
Germany;  the  Comptometer,  made  by  the  Comptometer  Co.  of 
Chicago;  and  the  adding  machine  made  by  the  Burroughs  Adding 
Machine  Co.,  Detroit,  Mich.     Slide-rules  of  compact  form  but  with 
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scales  40  feet  in  length,  as  designed  by  Thatcher  or  Fuller,  can  also 
be  obtained  of  the  principal  stationers. 

The  processes  of  arithmetical  calculation  are  almost  entirely 
mechanical  and  involve  no  reasoning  powers,  yet  they  are  of  utmost 
importance  in  connection  with  experimental  work.  Unless  the  obser- 
vations of  the  experiment  are  correctly  recorded  and  the  necessary 
calculations  for  expressing  the  result  made  accurately,  the  experi- 
mental work  will  either  be  of  no  value,  or,  what  is  worse,  positively 
misleading.  For  these  reasons  mechanical  methods  of  computation, 
which  involve  at  best  small  errors  of  known  magnitude,  are  to  be 
adopted  whenever  possible  in  reducing  engineering  experiments. 

The  calculating  machine  is  of  special  value,  since  if  the  mechanical 
processes  are  correctly  performed  the  results  will  be  given  with  accu- 
racy for  the  number  of  places  within  limits  of  the  machine.  Numer- 
ous calculating  machines  have  been  designed,  the  most  noted  of 
which  is  the  "difference  engine  "  designed  by  Babbage  in  1822  and 
on  which  the  English  Government  expended  more  than  $85,000 
without  bringing  it  to  perfection.  The  first  practical  machine  which 
accomplished  anything  worthy  of  {permanent  record  was  invented  by 
Thomas  de  Colmar  in  1850,  and  since  that  time  numerous  others, 
designed  on  similar  lines,  have  appeared,  of  which  should  be  men- 
tioned those  invented  by  Tate,  Burkhardt,  Grant,  Baldwin,  and 
Odhner.  The  Grant  machine,  developed  from  1874  to  1896,  had 
reached  a  high  degree  of  perfection,  but  is  no  longer  sold.  The 
Odhner  or  Brunsvega,  referred  to  above,  was  shown  at  the  World's 
Fair  in  1893,  ^^^  differs  from  the  Grant  principally  in  the  arrange- 
ment of  parts,  and  in  the  fact  that,  as  now  sold,  it  possesses  an 
index  or  counter  to  register  the  multiplier  during  the  process  of 
multiplication. 

In  the  Bnmsvega  the  result  is  read  on  a  series  of  wheels  arranged 
on  the  same  axis  and  so  connected  that  ten  revolutions  of  one  of 
lower  denomination  are  required  for  one  of  the  next  higher,  t:c..  the?<; 
wheels  being  readily  and  simultaneously  set  at  zero.  Series  of 
digits  from  i  lo  9  are  engraved  in  venical  parallel  columns  on  a 
keyboard.  By  setting  a  lever  opposite  any  number  and  turning  a 
crank  once,  the  number  will  app>ear  on  the  result -^vheel:^:  hy  turning 
the  crank  twice,  the  result-wheels  will  show  twice  the  number,  etc. 
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The  shaft  canying  the  result-wheels  can  be  shifted  several  places,  so 
that  it  is  possible  to  multiplr  by  numbers  of  any  denomination  wilh 
less  than  ten  revolutions  of  the  crank.  Subtraction  is  performed  by 
starting  with  the  larger  number  on  the  resull-nheels  and  the  smaller 
number  on  the  keyboard  and  revolving  the  crank  in  the  opposile 
direction  bom  that  reqmred  for  additioc.  Dividing  is  done  as  a  sort 
of  continued  subtraction,  and  is  a  more  complicated  operation.  The 
machine  is  readily  worked  as  a  difference  engine,  thus  permitting  iis 
use  for  computing  complicated  tables. 

A  trial  made  in  the  U.  S.  Coast  Survey  of  the  rdative  rapidity  and 
accuracy  of  the  Grant  calculating  machine  and  a  seven-place  table 
of  logarithms,  in  multiplying  sev«i  figures  by  seven  &gures  and 
retaining  seven  figures  in  the  result,  showed  the  average  time  of 
multiplication  with  tbe  machine  as  56  seconds,  and  with  logaritbms 
157  seconds;  the  number  of  errors  in  100  trials,  with  the  machine  7, 
with  logarithms  13.  A  trial  made  at  Sibley  College  showed  more 
favorable  for  the  machine,  pn^Mbly  because  the  observers  were  not 
so  expert  with  Ic^aiithms. 


!  Blicrometer.  —  This  instrument  is  used  to  determine 
IS  when  great  accuracy  is  desired.  It  consists  of  a  finely 
,  one  revolution  of  which  will  advance  the  point  an  amount 
he  pitch  of  the  screw.  The  screw  is  provided  with  a  gradu- 
,  so  that  it  can  be  turned  a  very  small  and  definite  portion 
slution.  Thus  a  screw  with  forty  threads  to  the  inch 
nee  for  one  complete  revolution  3^  of  an  inch,  or  25 
Lhs.  If  this  be  provided  with  a  head  subdivided  to 
i,  the  point  would  be  advanced  one  ten-thousandth  of 
by   the  motion   sufficient  to  carry  the  head  past  one 


icrometer  is  often  used  in  connection  with  a  microscope 
OSS-hairs,  and  in  such  a  case  represents  the  most  accurate 
It  known  for  obtaining  the  value  of  minute  subdivisions;  it 
len  used  in  connection  with  the  vernier.  The  value  of  the 
ling  is  determined  by  ascertaining  the  advance  due  to  one 

revolution  and  dividing  by  the  number  of  subdivisions. 

advance  of  the  screw  is  equal  to  the  advance  for  one  revolu- 
iplied  by  the  number  of  revolutions  plus  the  number  of  sub- 
multiplied  by  the  corresponding  advance  for  each, 
xuracy  of  the  micrometer  depends  entirely  on  the  accuracy 
rew  which  is  used. 

Ky  of  MicTomeier-screws.  —  The  accuracy  attained  in  cutting 
s  discussed  at  length  by  Professor  Rogers  in  Vol.  V.  of 
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deformation  is  measured  in  inches  change  of  length  per  inch  of 
original  length,  or  in  percentage  of  the  original  length.  With  shear 
stress  angular  deformation  is  measured  in  jz  (radian)  measure. 


K*"' 


1? 


Fie.  aS.- 

Up  to  a  certain  point,  called  the  elastic  limit,  stress  and  deformation 
are  proportional  to  each  other.  If  stressed  within  the  limit,  once  or 
many  times,  the  recovery  to  original  size  and  shape  is  perfect  when 
the  load  is  taken  off.  I£  the  stress  exceeds  the  elastic  limit  the 
material  experiences  a  permanent  change  of  shape  and  no  longer 
returns  entirely  to  its  original  dimensions  when  the  stress  is  removed. 
Such  permanent  deformation  is  called  a  set. 

Many  materials  can  be  stressed  far  beyond  the  elastic  limit,  under- 
going during  this  stressing  a  considerable  permanent  deformatioo. 
Such  materials  are  called  duclile.  The  ultimalc  strength  of  a 
material  is  the  maximum  load  the  piece  carries  before  breaking, 
divided  by  the  original  area.  The  elastic  limit  strength  is  similarly 
found  from  the  load  at  the  elastic  limit.  The  diictilily,  for  tension 
loading,  is  the  permanent  set  at  the  breaking  load  expressed  as  a 
percentage  of  the  original  length.  The  reduction  of  area  is  the  per- 
centage difference  between  initial  and  final  areas  of  section  of  the 
tension  test  piece,  computed  on  the  initial  area. 

There  are  two  important  secondary  quantities  depending  on  both 
stress  and  deformation.  The  modulus  of  elasticity  measures  the  stiff- 
ness of  a  material;  it  is  equal  to  the  ratio  of  stress  to  corresponding 
deformation,  in  unit  quantities,  under  conditions  of  elastic  loading- 
The  resilience  measures  the  work  which  the  material  can  absorb  M 
being  stressed  to  a  certain  value.  So  long  as  the  loading  is  elastic 
the  resilience  of  a  piece  is  the  half  product  of  load  and  defom 
of  the  piece.     The  modulus  of  resilience  of  the  material  is  the 
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done  upon  unit  volume  (one  cubic  inch)  in  stressing  to  the  elastic 
limit;  it  is  the  half  product  of  elastic  limit  strength  by  corresponding 
imit  deformation. 

Working  loads  must  always  be  within  the  elastic  limit.  The  ratio 
of  ultimate  strength  to  working  stress  is  called  the  factor  of  safety.  It 
measures  the  safety  of  a  structure  against  rupture.  The  ratio  of 
elastic  limit  strength  to  working  stress  measures  the  safety  for  con- 
tinued operation  of  the  structure. 

40.  Stress-deformation  Diagrams  are  curves  showing  the  relations 
between  stress  and  deformation  as  load  is  applied  to  a  piece  of 
materiaL  These  diagrams  show  by  inspection  the  general  nature 
of  a  materiaL  The  diagrams  are  plotted  with  deformations  as 
abscissae  and  stresses  as  ordinates.  The  general  form  of  the 
diagram  for  certain  typical  materials  is  shown  in  Figs.  29  to  31. 
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A,  Fig.  29,  marks  the  elastic  limit  found  only  in  worked  materials; 
By  Figs.  29  and  30,  is  the  yield  poifU,  where  the  material  suddenly 
begins  to  take  large  permanent  set;  C  is  the  maximum  and  D  the 
breaking  load.  The  modulus  of  elasticity  is  the  slope  of  the  elastic 
line  OA,  Fig.  29.     The  modulus  of  resilience  is  represented  by  the 
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area  bocnded  t^  the  uxs  <d  tbsrissas,  tfae  clastic  liiie  OA,  and  t 
pemdicular  dnq^icd  from  jl  to  tbe  axis  of  abfidsG^  Incaipme 
practice,  0,  the  jidd  pomt,  is  taken  as  the  pnctkal  cbsdc  fitnit  ii 
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case  of  ductQe  materials;  for  brittle  materials,  as  cast  irwQ,  eitho' 
breaking  point,  C-D  (Fig.  31),  or  some  arbitrarily  chosen  pomt 
ihe  ctir\'e(i  Load  Line,  b  taken  as  tiie  working  elastic  limit. 
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41.  Notation.  — The  notation  used  is  similar  to  that  of  Church' 
"Mechanics/'  and  is  as  follows: 


Quantity. 


Symbol. 


Load  applied 

StrKs  intensity 

Total  elongation  or  compression 

Increment  of  elongation 

Relative  elongation 

Bending  or  tMvisting  moment  .  . . 

Total  angle  of  torsion 

Relative  shear  distortion 

Vertical  shear,  total 

Shear  intensity 


GcDcial. 


P 

P 
X 

e 

M 

a 

d 

J  OT  S 

s 


Elastic  limit. 


X' 

•   • 

r 


Maximum. 


Pm 
Pm 
Xm 

•  • 

em 
Mm 
otm 
dm 
Jm 
5m 


Modulus  of  elasticity 
Modulus  of  resilience 


Tension. 


Et 
Ut 


Compression. 


Ee 
Uc 


Shear. 


Es 


Area  of  section,  square  inches F 

Original  length,  inches / 

Breadth  of  section,  inches b 

Height  of  section,  inches h 

Diameter  of  a  circular  section,  inches d 

Radius  of  a  circular  section,  inches r 

Rectangular  moment  of  inertia,  about  gravity  axis  of  section / 

Polar  moment  of  inertia,  about  gravity  center  of  section Ip 

Maximum  fibre  distance e 

42.  Formulae  for  Tension  Loading.  —  Since  in  a  properly  con- 
structed tension  test-piece  the  stress  is  uniformly  distributed,  we 

have 


P 
'"  J' 

SO  long  as  the  loading  remains  elastic; 


(I) 


(2) 


(3) 


(4) 
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43.  foaaxdm  tor  Ccmpnwmaa  r4MMfnig.  — For  skart  atwmms,  or 
those  pieces  which  fail  by  criLshing  down  without  brndfng,  the  for- 
mulae are  the  same  as  for  tension: 

p-j,  (5) 

«=^;  (6) 

r,        P        Pi 

£«=-  =  ^;  (7) 

«     Fa 

For  long  columns ^  which  fail  because  of  the  occurrence  of  bending, 
the  formuke  in  common  use  are  four: 
The  Rankine  or  Gordon: 

P-.=  i^^-.-(i  +  iPi^-);  (9) 

The  Ritter  or  Merriman: 

The  Johnson: 

The  Euler: 

m  •   — 

In  these  formulae  P',  P^,  ^',  pm  have  the  meanings  given  in 
Art.  41,  ^  and  /^^  referring  here  to  the  results  of  short  column  tests 
of  the  material; ;?  is  a  constant  characteristic  of  the  material;  k  is  the 

ra/lius  of  gyration  of  the  cross-section  of  the  column  ik?  =  —  j;  m  is  a 

far  tor  of  end  condition,  having  the  numerical  value  i  for  "square- 
ended  "  columns,  ^^  for  one  "square  end  "  and  one  "round  end," 
anri  4  for  a  "  round-ended  "  column,     "  Square  ends  "  are  those 
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which  are  rigidly  held  in  line  at  the  point  of  support;  "round  ends  " 
are  free  to  hinge  at  the  supports. 
It  will  be  seen  that  formulae  (9)  and  (10)  are  convertible  in  form 

by  making  ^==  ;  but  (11)  cannot  possibly  be  converted  into 

(9)  or  (10),  and,  given  the  same  values  of  ^,  £,  /  and  A,  (11)  will 
give  a  lower  value  of  P'  than  (10).  The  Euler  formula,  while 
mathematically  and  experimentally  true  for  very  long  colunms,  is 

useless  for  any  actual  case,  for  it  gives  too  high  values  of  Pm  if  -  is 

less  than  150  to  200.    The  Mcrriman  formula  is  valid  over  the 

widest  range  of  -7  values,  beginning  with  short  columns  and  becom- 

ing  tangent  to  the  Euler  at  infinity. 

Siiitable  de^gn  values  of  p^  and  ^  in  the  Rankine  formula  are  as 
follows: 


Material. 


?• 


Cast  iron 80,000  i  -f-   6^00 

Wrought  iron 36,000  ;       i  -;-  36,000 

Mild  steel 50,000  i  -J-  50,000 

Timber  (oak  or  similar) 7, 500  •      i  -r-  3,000 


44.  Transverse  Loading.  —  In  pure  transverse  loading  all  the  ex- 
ternal forces  applied  are  perpendicular  to  the  principal  dimension 
—  the  length  —  of  the  material  used.  As  a  result  of  this  loading 
the  beam  becomes  curved.  Layers  of  material  parallel  to  the  length 
of  the  beam  are  then  distorted,  those  on  the  concave  side  of  the  beam 
being  shortened  and  these  on  the  convex  side  lengthened.  The 
amount  of  this  distortion  or  deformation  is  proportional  to  the  dis- 
tance of  a  laver  from  the  instantaneous  center  of  cur\ature,  and 
hence  varies  in  a  siraight-line  law  with  distance  from  one  cur\ed 
surface  of  the  beam  to  the  other  (Fig.  2>'^>.  Consequent  on  this 
deformation  are  set  up  internal  tension  and  compression  forces  in  the 
direction  of  the  length  of  the  beam.  Because  there  is  no  external 
force  in  the  direction  of  the  length,  the  internal  tension  and  compres- 
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sion  forces  must  balance  each  od^c    The  onlj  possibk  distribution 
of  elastic  stresses  which  satisfies  the  two  cooditioiis  of  (i)  linear 

variation  of  intensity  in  passage  bom  one  cun-ed 
surface  to  the  other,  and  (2)  zero  resultant  in 
the  directicHi  of  the  length,  is  ^lown  in  Fig.  ^. 
Both  stress  and  deformation  are  zero  at  o,  which 
can  be  shown  to  be  the  gravity  axis  of  the 
cross-section.  A  surface  through  o  and  parallel 
to  the  two  curved  surfaces  of  the  beam  is  called 
the  neulral  surface^  and  its  intersection  with  a 
cro6&-section  is  the  neuiral  axis  of  the  section. 
The  curve  assumed  by  the  neutral  surface  due 
to  the  forces  acting  is  called  the  elastic  curve. 

The  internal  stresses  (Fig.  33)  have  a  moment 
about  o  which  balances  the  moment  of  external 
forces  about  the  same  poinL  Writing  p  for 
the  stress  in  either  outer  fiber,  e  for  the  distance 
from  neutral  axis  to  outer  fiber,  /  for  the  rec- 
tangular moment  of  inertia  of  the  czoss-secdon 

pi 
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Fig.  32. 


about  the  neutral  axis,  the  moment   M^ 


The  moment  M  of  external  forces  about  any  section  is  found  by 
considering  one  or  the  other  end  of  the 
beam  from  that  section  as  a  free  body. 
M  usually  varies  from  point  to  point  of 
a  beam,  and  as  the  cross-section  dimen- 
sions of  the  beam  are  usually  constant, 
the  only  section  at  which  p  need  be 
investigated  is  that  corresponding  to  the 
maximum  value  of  M. 

Corresponding  to  the  value  of  p  in  outer  fiber  we  need  a  value  of  e, 
the  deformation.  For  this  we  measure  the  deflection  of  the  beam  at 
that  same  point  of  maximum  moment  at  which  we  compute  p.  Text- 
books on  "  Mechanics"  (see  tables  below)  give  values  of  E  in  terms 
of  the  deflection  A  and  load  and  dimensions  of  the  beam.   Using  then 

the  relation  e  «  - ,  the  unit  deformation  e  is  readily  computed. 

E 


Cooirex  SurCMe 
Fig.  j3. 


STRENGTH  OF  MATERIALS  59 

By  plotting  the  unit  quantities  p  and  £  against  each  other,  the  curve 
of  the  transverse  test  is  the  same  as  that  of  tension  and  compression 
tests,  up  to  the  elastic  limit.  Beyond  that  point  the  formulae  are  no 
longer  valid.  It  has  been  customary,  however,  to  continue  to  use 
the  elastic  formulae  up  to  the  failure  of  the  beam.  To  distinguish 
the  fictitious  values  of  stress  p  so  computed  from  a  real  stress  in  the 
material,  a  special  name  is  given  to  the  value  of  p  at  rupture  —  it  is 
called  the  modulus  of  rupture.  The  modulus  of  rupture  is  useful  in 
the  comparison  of  one  material  with  another. 

In  addition  to  the  tension  and  compression  stresses,  transverse 
loading  sets  up  in  a  beam  a  system  of  primary  shears.  These  are 
called  the  horizontal  and  vertical  shears.  The  horizontal  shear 
occurs  in  surfaces  parallel  to  the  neutral  surface;  the  vertical  shear 
in  planes  perpendicular  to  the  neutral  surface.  At  any  given  point 
of  a  section  the  intensities  of  horizontal  and  vertical  shear  are 
identical.  The  shears  are  of  zero  intensity  at  either  outer  surface  of 
the  beam  and  of  maximum  intensity  at  the  neutral  surface.  The 
variation  of  shear  intensity  across  the  section  is  parabolic  if  the  sec- 
tion does  not  change  in  width.  The  total  vertical  shear  at  any  section 
is  the  resultant  of  external  forces  perpendicular  to  the  beam  on  one  or 
the  other  side  of  that  section.  The  intensity  of  primary  vertical  or 
horizontal  shear  stress  at  the  neutral  axis  is 


X 


o 


area  above 

(or  below) 

neutral  axis 


the  distance  of  the  center 
X  -[    of  gravity  of  that  area 
from  the  neutral  axis. 


J  =  total  vertical  shear, 

fto  ==  width  of  beam  at  the  neutral  axis, 

/  =  rectangular  moment  of  inertia. 

For  a  rectangular  cross-section  this  becomes 
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or  the  intensity  is  fifty  per  cent  greater  than  if  the  shear  were  uni- 
formly distributed  ovefr  the  cross-section.     It  is  only  in  the  case  of 
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45.  Fonnulfle  for  Direct  Shear.  —  This  stress  acts  across  a  piece, 
without  an  arm,  and  tends  to  produce  a  square  break.  It  is  sensibly 
uniform  over  the  section,  so  that 

S'-s.F,  (13) 

where  S  =  total  shear,  5  —  intensity  of  stress,  and  F  =  area  of 
section  acted  on.  This  stress  produces  in  an  element  of  material 
an  angular  distortion  which  is  measured  in  tt  measure  (see  Art.  39 
and  Fig.  28),  and  is  denoted  by  8.  The  modulus  0/  shear  elasticity 
or  modulus  of  rigidity 

-£.-|.  (14) 

The  modulus  of  resilience 

U.'h^^-h-^'  (IS) 

The  ultimate  shear  strength  Sm  can  be  obtained  by  direct  experi- 
ments, using  the  specimen  in  the  form  of  pins  or  rivets  holding  links 
together,  the  links  being  held  and  pulled  in  a  tension-testing  machine. 
A  plate  can  be  tested  by  forcing  a  punch  through,  measuring  the 
compression  load  on  the  punch.  The  elastic  strength  and  the  angu- 
lar deformation  cannot  be  measured  in  the  direct  testing,  but  may 
be  accurately  determined  by  tests  in  torsion,  as  described  below. 
Direct  shear  tests  must  be  very  carefully  conducted,  making  sure 
that  no  arm  is  given  to  the  load,  in  order  to  be  satisfactory. 

46.  Formulae  for  Torsion.  —  The  stress  produced  by  torsion  is 
primarily  a  shear  stress  on  the  elements  of  the  material.  The  torque, 
or  twisting  moment  (measured  in  inch-pounds),  is  applied  in  planes 
at  right  angles  to  the  length  of  the  specimen.  The  outer  fibers 
of  the  specimen  are  twisted  into  helices,  each  making  an  angle 
with  its  initial  position  equal  to  the  angular  deformation  h.  Any 
section  of  the  specimen,  distant  /  from  the  fixed  end,  is  turned 
in  its  own  plane  through  an  angle  a.  This  angle  a  is  the  external 
deformation  which  is  measured  in  testing.  From  the  arc  which, 
in  Fig.  34,  is  common  to  a  and  5,  we  have  arc  =  ea  =  I  tan  5. 
Since  e  and  /  do  not  change  more  than  -^\  %  up  to  break,  tan  5  = 

J  •  a  may  be  used  throughout  the  test.     If  we  consider  the  piece 
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twisted  through  a  certain  value  of  a,  the  above  equation  shows  that 
d  varies  with  e;  that  is,  d  is  zero  at  the  c«iter  of  the  section,  and 

increases  in  direct  proportion  to 
distance  from  the  cente*.  Within 
the  elastic  limits  stress  and  de- 
formation are  proportional  to 
each  other.  Hsice,  until  the 
elastic  limit  is  passed,  the  ^ear 
^ "  ^  stress  is  zero  at  the  center  and 

increases  in  direct  proportion  to  distance  from  the  center  to  the 
maximum  in  the  outer  surface  of  the  piece.  This  variation  of 
stress  is  similar  to  that  in  transverse  loading,  and  leads  to  a  amilar 
formula  between  moment  and  stress  intensity  in  outer  fiber,  viz.: 

For  a  sc^id  circular  section  e^r  and  /p  »  -  i^,  so  that 

2 


(I6) 


where  d  =•  diameter  of  specimen. 


(i8) 


E,^  -  along  an  elastic  line.  (19) 

d 


The  resilience  of  the  test-piece  is      ^  M  a  .  (20) 

As   in   transverse  loading,  these  formulae  are  derived  for  elastic 

loafling  and  are  not  valid  when  the  elastic  limit  is  passed-  Bej-ond  the 

Me 
elastic  limit  the  values  of  s  computed  from  —  are  higher  than  the 

actual  values  of  s  in  outer  fiber  of  the  test-piece.  It  is  customary, 
however,  to  continue  the  computation  by  the  elastic  formube  up  to 
the  break.  The  value  of  s^  so  computed  is  fictitious,  and  under  the 
name  of  modulus  of  rupture  in  torsion  loading  is  used  in  comparison 
of  materials. 
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47.  Secondary  Stresses.  —  In  the  preceding  sections  the  stresses 
described  have  been  those  which  are  directly  produced  by  the 
loadings,  i.e.,  what  may  be  called  primary  stresses.  •* 
Of  equal  importance  to  or  of  greater  importance 
than  these  primary  stresses  in  determining  the^^ 
yield  and  failure  of  materials  (but  not  their  elastic^  !•{ 
action)  are  the  secondary  stresses. 

In  Fig.  35  is  represented  a  body  in  tension.    The 

P 

intensity  of  the  primary  stress  is  /» =^  —  ,    P  being 

F 

the  total  end  force  and  F  the  area  of  the  normal 

section.     If  any  other  section  than  the  normal  be 

investigated,  as  Fq  at  an  angle  0  with  the  normal, 

it  will  be  found  to  carry  a  tension  P'  and  a  shear 

5,  so  related  that  the  resultant  of  P'  and  S  is  P. 

F  is  less  than  P  (equals  P  cos  0)  and  F^  is  greater 

than  F  (equals  F  -^  cos  0),  so  that  the  tension  stress 

perpendicular  to  Fo  ^s  much  less  than  the  stress 

p 

/>  =  —  on  the  normal  plane.     But  the  shear  stress, 


Fig.  35. 


5 
^0 


P  sin  ^       P  .     ^ 

=  —  sm  ^  cos  0  =  p  s\n  0  cos  0, 


(21) 


F^cosO     F 

may  be  a  cause  of  failure.  In  general,  with  every  tension  or  compres- 
sion stress  of  intensity  p  there  goes  at  0  degrees  with  the  normal  to  p 
a  shear  stress  of  intensity  s  ==  p  sin  0  cos  0.  The  expression  sin  0 
cos  0  has  a  maximum  value  of  ^  when  0  =  45°.     At  45°  with  p, 

2 

For  instance,  in  torsion  loading  of  a  soft  steel  the  elastic  failure 
in  shear  is  found  at  about  5  =  15,000  pounds  per  square  inch.  If  the 
same  material  be  loaded  in  tension,  the  secondary  shear  will  reach 
the  critical  intensity  when  the  primary  tension  stress  is  30,000  pounds 
per  square  inch.  The  material  will  break  down  sharply  and  begin 
to  elongate;  it  will  show  slip  lines  of  failure  at  45  degrees  to  the  axis. 
It  is  said  the  steel  has  passed  its  yield-point.  The  permanent  sets 
in  ductile  materials  in  tension  loading  are  due  to  failure  occurring 
through  the  secondary  stressing  in  shear. 
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In  compression  loading  of  brittle  materials  the  problem  is  com- 
plicated by  a  sltdii^  over  each  other  of  surfaces  under  pressure. 
Friction  then  occurs.      It  can  be  shown  that  friction  will  change  the 

angle  of  failure  from  45  to  45  +  -  degrees  where  4>  's  the  friction 
2 

angle  for  the  material  sliding  on  itself.     For  instance,  cast  iron  on 

cast  iron  has  a  coefficient  of  friction  corresponding  to  a  friction  angle 

of  20  degrees;  the  angle  in  cast  iron  "short  columns  "  between  the 

planes  of  failure  and  the  normal  plane  is 


45*  +  - 


=  55 - 


If  the  primary  stress  is  a  shear,  the  secondary  stresses  are  tension 
and  compression.  The  mathematical  relation  between  the  primary 
and  the  secondary  stresses  is  tiol  the  same  as  in  the  case  above,  with 
the  direct  stress  as  the  primary  stress.  Consider  first  a  unit  cube  of 
material  (Fig.  36)  to  which  a  shear  Si  is  applied.  To  balance  this 
and  prevent  translation  horizontally  there  must  be  on  the  opposite 
face  an  equal  and  opposite  stress  S,.  But  5i  and  5,  constitute  a 
couple;  to  balance  the  couple  requires  S^  and  S,.  This  shows  that 
when  shear  is  applied  as  a  primary  stress  the  shears  come  in  paira 
at  right  angles  to  each  other.  One  cannot  have  a  horizontal  shear 
without  having  at  any  given  point  a  vertical  shear  of  the  same 
intensity  as  the  horizontal. 


-x 


Now  consider  Fig.  37  made  from  Fig.  36  by  cutting  on  a  diagona' 
S,  and  St  can  be  balanced  by  P;  the  value  of  P,  by  summation  ' 
vertical  components,  is 


1 


P  sin  45°  =  St  =  5,,  or  P 


S, 

sin  45° 


(a: 
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If  the  area  on  which  Si  or  5*  is  applied  is  F,  the  area  over  which  P 

is  distributed  is  FV2.    The  intensity  of  primary  shear  is  ^  ^  "S  "^  "^» 

the  intensity  of  the  secondary  stress  (compression  in  this  case)  is 

P  S  S 

F  V  2     F  sm  45  V  2      -^ 
If  the  other  diagonal  of  the  cube  had  been  used,  we  should  have 
found  tension  for  the  secondary  stress.     When  the  primary  stress  is 
shear  of  intensity  s,  there  goes  with  it  at  4$  degrees  a  secondary  stress 
{tension  or  compression)  of  intensity  p  ^  s. 

An  application  comes  in  the  case  of  brittle  materials  in  torsion 
loading.  The  tensile  strength  of  cast  iron  is  about  20,000  pounds 
per  square  inch.  If  loaded  in  torsion,  the  iron  will  snap  with  a 
brittle  fracture  at  5  =  20,000  pounds  per  square  inch,  and  the  direc- 
tion of  the  break  will  be  found  to  be  at  45  degrees  with  the  helices  or 
planes  perpendicular  to  the  helices  in  which  shear  failure  is  foimd. 
The  break  has  been  due  to  the  secondary  stressing  in  tension. 
The  real  shear  strength  of  a  brittle  material  cannot  be  found  from 
torsion  loading. 
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CHAPTER  IV. 

STRKHOTH  OF  MATERULS  —  TESTHf 6-MACHINES. 

48.  Testing-machines  and  Methods  of  Testing.  — The  testinj 
machines  consist  essentially  of,  first,  a  device  for  weighing  or  regi: 
tering  the  power  applied  to  rupture  material;  second,  head  an 
clamps  for  holding  the  specimen;  third,  suitable  machinery  fc 
applying  the  power  to  strain  the  specimen;  and  fourth,  a  frame  1 
hold  the  various  parts  together,  which  must  be  of  sufficient  strengt 
to  resist  the  stress  caused  by  rupture  of  the  specimen.  Machine 
are  built  for  applying  tensile,  compressive,  transverse,  and  torsion; 
stresses;  they  vary  greatly  in  character  and  form;  some  are  adapte 
for  applying  more  than  one  kind  of  stress,  while  others  are  limite 
to  a  single  specific  purpose. 

In  all  machines  the  weighing  device  should  be  accurate  an 
sufficiently  sensitive  to  detect  any  essential  variation  in  the  stres 
and  every  laboratory  should  be  provided  with  means  for  calibratin 
icstmg-machines  from  time  to  time;  the  weighing  system  is  usuall 
independent  of  the  system  for  applying  power,  although  in  certai 
early  machines  a  single  lever  mounted  on  a  fulcrum  was  used,  i 


Fio.  39.  —  Ou>  Fowl  Fig.  40.  —  Thurston,  Polmeye 

shown  in  Figs.  39  and  40,  and  in  which  the  power  system  and  weigl 
H  system  were  combined,  the  power  applied  being  measured  t 
Diuliiplying  the  weight  by  the  ratio  of  the  lever-arms  b;a. 

The  power  system,  when  independent  of  the  weighing  systen 
^i^y consists  of  a  hydraulic  press  (Fig.  41),  or  screws  driven  by 
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train  of  gears  (Fig.  42).  The  principal  advantage  of  having  the  power 
system  indeiiendent  fr6m  the  weighing  system  is  due  to  the  fact  thit 
under  such  conditions  the  stretching  of  the  specimen,  which  almoaf 
invariably  takes  place,  does  not  affect  the  accuracy  of  weighing. 


-  Hydraulic  Press. 

The  shackles  or  clamps  for  holding  the  specimen  vary  with  tW 
stress  to  be  applied.  The  clamps  for  tension-tests  usually  conw 
of  truncated  wedges  which  are  inserted  in  rectangular  openings  m  the 
heads  of  the  testing-machines,  and  between  which  the  specimen  is 
placed.  The  interior  face  of  the  wedges  is,  for  flat  specimens,  plane 
or  slightly  convex  and  serrated,  but  for  round  or  square  specimens  is 
provided  with  a  triangle  or  \'-shaped  groove  into  which  the  head  of 
the  specimen  is  placed,  When  the  strain  is  applied  to  the  specimen 
the  wedges  are  drawn  close  together,  exerting  a  pressure  on  the 
specimen  somewhat  in  proportion  to  the  strain  and  often  injurious 
to  its  strength.  In  many  instances  shackles  with  internal  cut  threads 
are  used,  into  which  specimens  provided  with  a  corresponding  ex- 
ternal thread  are  screwed;  this  latter  construction  is  much  prefer- 
able to  the  former,  though  adding  much  to  the  expense  of  preparing 
the  specimen.  It  is  very  important  that  the  shackles  should  hold 
the  specimens  firmly  and  accurately  in  the  axis  of  the  machine  and 
should  not  exert  a  crushing  strain,  which  is  injurious  to  the  material- 

49.  General  Character  of  Testing-machines.  —  Testing-machines 
are  classified  as  vertical  or  horizontal,  depending  upon  the  pc 
the  specimen;  this,  however, is  not  an  important  structural  di 
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although  certain  rlasw^  of  Tnarhmrs  are  better  adapted  for  the  one 
method  of  Tfsring  than  the  other.  Machines  may  also  be  classited 
as  tension,  camfrcssimL,  or  trumsverst  inachiiws,  dt^MSidiz^  upon 
whether  they  are  better  suited  to  apply  one  class  of  stresses  than  the 
other,  but  as  the  method  of  trsring  is  generally  dependent  simply 
upon  the  method  of  supporting  tibe  qyrnnen,  this  classification  is 
of  little  importance  structurally.  Machines  can  perhaps  be  best 
classified  by  the  &>rm  and  rhaTarter  of  w^:faing  mechanism,  it  being 
generally  understood  that  power  may  be  applied  thrDugh  the  medium 
of  gears  or  by  a  hydrauHc  press,  as  desired,  and  with  any  class  of 
machine. 

Under  this  rlassificatian  we  haTe: 

First,  the  simpie-ltver  mackimes,  forms  of  which  ha^^  been  shown 
in  Figs.  39  and  40,  in  which  the  power  for  breaking  was  obtained 
from  the  weighing  mechanism.  Fig.  43  shows  a  fangle-le\'eT  machine 
much  used  at  the  present  time  in  England,  in  which  the  power  is 
applied  to  the  specimen  at  B,  and  the  amount  of  stress  is  determined 
by  the  position  of  the  jockey  weight  3£'  and  the  amount  of  weight  on 
the  poise  R. 


e^«^ 


v^^"^ 


Fig.  43.  —  Wics:sTEAD,  Mxrten'j^ 
Mjchaelis,  Bucktox. 


r. 


Ku;.  44.  —  TiioM  xi^sFT. 


A  single-lever  machine  in  which  the  lever  is  of  the  sixonil  onK  r 
is  shown  in  Fig.  44.  The  specimen  is  placeti  between  the  luK  rum 
and  the  weighing  mechanism.  The  latter  consists  (^f  a  hNvlraiilie 
cylinder  with  diaphragm  and  attached  gauge,  and  i>  interesting 
as  being  the  prototype  of  the  Emery  tesiing-maelu'ne. 

Second,  differencial-lever  fUacliines,  one  kind  of  wliieii  is  slunvn 
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in  Fig.  45.  This  consists  of  a  siagle  lever  with  poise,  to  which  the 
(iruw-head  is  connected  by  links  placed  at  unequal  distances  from 
the  fulcrum.  A  machine  of  this  form  was  manufactured  at  one  time 
bv  Riehi<  Brothers.* 


1~l)ir<j,  ivm/t/mmUlwr  mm'kimci,  Theat  havr  beoi  much  uxi 
i»  \mcncA  ^  the  hst  iwcniy  ^Tttrs.  and  are  mnufactiued  by 
Kio^k  l%T\s3hcrSs  ittjKii,  and  F^irlxuik;^     la  tbesc  aaduDes  power 

i-t^o^orrcvj  in  t))t$  ooiuntrr,  T  >f  di^fnau.  F^  46,  ibovs  tbe  urange* 
tno:r^;  1^:  k-^vr^  Jkk^i?4»d  m  i~^.-  Fwfaaai^  aacftne.  The  movable 
|ihtt  F  «(  dK  teadmt, 
•BOBtoi    br    die    pomT 

^=^^^ ■ 
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Fourth,  direct-acting  hydraulic  machines.  Fig.  48  shows  a  simple 
form  of  a  hydraulic  machine,  in  which  power  is  applied  by  liquid 
pressure  to  move  the  piston  R,  the  specimen  being  located  at  ^  for 
tension  and  at  a^b'  for  compression.     Machines  of  this  kind  have 


B 


E  D 

Fig.  48.  —  Kellogg,  Johnson. 


been  built  of  the  very  largest  capacity;  for  instance,  that  designed 
by  Kellogg  at  Athens,  Pa.,  has  a  capacity  of  1,250,000  pounds,  and 
that  at  the  Phoenix  Iron  Works  has  a  capacity  of  2,000,000  pounds, 
while  one  built  by  Professor  Johnson  at  St.  Louis  has  a  capacity  of 
about  750,000  pounds.  In  all  these  machines  the  stress  is  meas- 
ured by  multiplying  the  readings  of  the  gauge  by  a  constant  de- 
pending upon  the  area  of  the  cylinder,  the  effect  of  friction 
being  eliminated  by  keeping  the  piston  rotating,  or  in  other  cases 
neglecting  it  or  determining  its  amount,  and  correcting  the  results 
accordingly.  Such  machines  are  not  adapted  for  accurate  testing, 
but  are  suited  for  testing  of  a  character  which  permits  consider- 
able variation  from  the  correct  results. 

A  modified  form  of  the  simple  hydraulic  machine  was  designed 
by  Werder  in  1852,  having  a  capacity  of  100  tons,  the  principle  of 


Fig.  49.  —  Werder,  1852. 


its  construction  being  shown  in  Fig.  49.  In  this  machine  the  line  of 
action  of  the  stress  is  in  RF,  while  that  of  the  resistance  is  in  the  line 
Ad  which  is  to  one  side  of  RF.     These  forces  are  balanced  by  adjust- 
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ing  the  weights  on  the  scale-beam,  thus  providing  means  of 
the  force  applied  lo  the  specimen. 

Fig.  50  is  a  sketch  of  the  working  parts  of  the  Maillard  machine, 
in  which  the  weighing  apparatus  consists  of  a  fluid  which  is  put  under 


Fig.  50.  —  !>1.MLLABD,  fl 

pressure  by  means  of  a  diaphragm  against  which  the  stress  applied 
to  the  specimen  reacts.  This  force  is  measured  on  a  hydraulic  gauge 
similar  in  many  respects  to  the  weighing  apparatus  of  the  Emery 
testing-machine. 

Fifth,  the  Emery  machine.    The  general  principle  of  the  Emeiy  \ 
testing-machine  is  ^own  in  Fig.  5 1 .     Power  is  applied  by  means  of  ^ 


<&& 


Fig.  51.  —  EuEBV. 


the  double-acting  hydraulic  press  i?  so  as  to  break  the  specimen  either 
in  tension  or  compression,  as  desired.  The  specimen  is  placed  alii 
and  the  stress  transmitted  is  received,  if  in  tension,  first  by  thedraW 
hcad  BB,  ihence  transmitted  to  the  draw-head  B'B',  thence  in  turt* 
to  the  fluid  in  the  hydraulic  support  v  through  a  frictionless  dUf 
phragm,  from  which  the  fluid  pressure  is  transmitted  to  the  vesa^ 
with  the  smaller  diaphragm  d,  the  pressure  of  which  is  balaik 
ghed  on  the  weighing-scale  w.    If  the  specimen  is  in  comp 
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the  force  is  transmitted  by  the  draw-head  BB  to  the  bottom  of  the 
hydraulic  support  v,  thus  crowding  the  hydrauh'c  support  and  its 
contents  against  the  diaphragm,  which  in  turn  causes  a  liquid  pres- 
sure which  is  measured  on  the  weighing-scale  as  before.  The  springs 
which  receive  the. pressure  of  the  liquid  are  adjusted  by  screws  rr, 
connected  to  the  frame,  and  of  sufficient  strength  to  resist  the  greatest 
stress  applied  in  compression. 

In  order  that  the  levers  of  a  testing-machine  may  transmit  the  force 
to  the  weighing  poise  with  as  little  loss  as  possible,  and  in  such 
a  manner  that  a  large  force  can  be  balanced  by  a  small  weight,  a 
knife-edge  bearing  is  in  nearly  every  case  provided  for  each  lever. 
The  knife-edge  as  usually  constructed  is  a  piece  of  hardened  steel 
with  a  sharp  edge  which  is  inserted  rigidly  in  the  weighing-lever  and 
rests  upon  a  hardened  steel  plate  fastened  to  the  fulcrum,  although 
in  some  cases  the  positions  of  knife-edge  and  plate  are  reversed.  The 
knife-edge  should  be  as  sharp  as  it  can  be  made  without  crumbling 
or  cutting  the  contact-plate,  and  it  should  be  kept  clean  and  free 
from  dirt  or  rust  in  order  to  keep  the  friction  at  the  lowest  possible 
point.  In  practice  the  angle  of  the  knife-edge  is  made  from  30  to 
no  degrees,  depending  upon  the  load.  Machines  of  the  type  shown 
in  Fig.  47  have  been  constructed  in  which  the  friction  and  other 
losses,  as  shown  by  trial,  did  not  exceed  100  pounds  in  100,000. 

The  fulcrums  for  supporting  the  levers  in  the  Emery  testing- 
machine  are  thin  plates  of  steel  rigidly  connected  to  both  the 
lever  and  its  support,  as  shown  in  Fig.  51.  A  flexure  of  the 
fulcrum-plates  is  produced  by  an  angular  motion  of  the  levers; 
but  as  this  motion  in  practice  is  small,  and  as  the  fulcrums  are  very 
thin,  the  loss  of  force  is  inappreciable  and  all  friction  is  eliminated. 
The  plate  fulcrums  also  possess  the  advantage  of  holding  the  levers 
so  that  end  motion  is  impossible,  and  thus  preventing  any  error  in 
weighing  due  to  change  of  lever-arm.  The  peculiar  form  of  the  plate 
fulcrums  is  such  as  to  be  unaffected  by  dirt;  furthermore  in  practice 
a  higher  degree  of  accuracy  in  weighing  has  been  obtained  than  is 
possible  with  knife-edge  levers.  The  principal  characteristics  of  the 
Emery  machine  are,  first,  the  hydraulic  supports,  which  are  vessels 
filled  with  a  liquid  and  having  a  flexible  side,  or  diaphragm,  which 
transmits  the  pressure  to  a  similar  support  in  contact  with  the  weigh- 
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inn  ajiparaius.  The  detailed  consiniction  of  a  hjxirauiic  support 
lis  uHx)  in  a  vertical  machine  is  shon'n  ia  Fig.  59,  its  method  of  opera- 
lion  in  Fig.  51.  Secorid,  the  peculiar  steel-plate  fulcmms,  which 
hax-e  been  de^-ribed.  These,  together  with  excellent  workmanship 
throu.chout.  hswx  *ier\-ed  to  make  the  Emerj-  testing-machine  an 
instrument  <>[  preciskm  with  a  greaier  range  of  capacity  and  ao 
accuracy  far  supcnor  to  that  of  any  other  machine. 


TV  $*  i'"'^  *  pcKfwrtnv  iVar  of  xbe  Enerv  Bachine  Titb  tl 
mv<i;iMgrHnsnark«tli})CSUBeasaBflwdbpaa>    la  ihb  rigure  If 
»  ttie  ip^m^  kit  ^tpenxtof,  the  liyiriJk.  fttas,  •*'  tiw  ccnmeciiDS 

fKrtef;.rrscM«c«iBl«iiiCa|MR«fdKfcaMiadB9edtxadiastiBS  1 
dK-  p<Y»:i»M  vt  iIk  |a«A  isr  ^BfiacH  to^gAs  «f  qgcirneiw  and  1 
«(suftnt«  stre^A  •»  iiWufJ  Ac  skock  4w  to  bfcakiitg;  P  I 

wwifrhK  v-Mfh  «■!  W  if^tfitj  '■Wwut  JhwiBB^  as  described  ■»> 

9».  ^j^jMIl,  S'.iWi,  -  The  wv^Mn)-  xv 
Sk^NtA  VMidMnr^  Mid  in  it<rmn  tmr^  hnih  ii 

*n»a*  -M"  a  «mplt  Iww  ^t  sfAle-lwam.  ftinnp  wbidi  cbb  he  mt 
^ftfist.  KnU  «-hirh  c-acti  be  oonnorN'-B  >iv  cau-  ctr  max  linens  to  tl 
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specimen.  Such  machines  are  objectionable  principally  on  account 
of  the  space  occupied. 

The  weighing  device  in  nearly  all  recent  machines  consists  of  a 
series  of  levers,  arranged  very  much  as  in  platform-scales,  finally 
ending  in  a  graduated  scale-beam  over  which  a  poise  is  made  to  move. 
The  machines  are  usually  so  constructed  that  the  effect  of  the  strain 
on  the  specimen  is  transmitted  into  a  downward  force  acting  on  the 
platform,  and  the  effect  of  a  given  stress  is  just  the  same  as  a  given 
load  on  the  platform. 

The  weighing-levers  usually  consist  of  cast-iron  beams  carrying 
hardened  steel  knife-edges,  which  in  turn  rest  on  hardened-steel 
bearing  plates.  This  is  the  system  adopted  by  most  scale-makers 
for  their  best  scales. 

In  the  Emery  testing-machines,  which  are  especially  noted  for 
their  accuracy  and  sensitiveness,  the  knife-edges  and  bearing  plates 
are  replaced  by  thin  plates  of  steel,  the  flexibility  of  which  permits 
the  necessary  motion  of  the  levers. 

The  weighing  device  should  be  accurate,  and  sufficiently  sensitive 
to  detect  any  essential  variation  in  the  stress.  The  amount  of  sensi- 
tiveness required  must  depend  largely  on  the  purposes  of  the  test. 
An  amount  less  than  one  tenth  of  one  per  cent  will  rarely  make  any 
appreciable  difference  in  the  result,  and  probably  may  be  taken  as 
the  minimum  sensitiveness  needed  for  ordinary  testing.  Means 
should  be  provided  for  calibrating  the  weighing  dri'icc.  This  can  be 
done,  in  the  class  of  machines  under  consideration,  by  loading  the 
lower  platform  with  standard  weights  and  noting  the  corresponding 
readings  of  the  scale-beams.  Testing-machines  may  be  calibrated 
with  a  limited  number  of  standard  weights  by  the  use  of  a  test- 
specimen,  which  is  not  to  be  strained  beyond  the  clastic  limit.  The 
weights  are  successively  added  and  removed,  and  strain  is  maintained 
on  the  test-piece,  equal  to  the  reading  on  the  calibrated  portion  of 
the  scale-beam. 

51.  The  Frame. —  The  frame  of  the  machine  must  be  sufficiently 
heavy  and  strong  to  withstand  the  shock  produced  by  a  weight  ecjual 
to  the  capacity  of  the  machine  suddenly  applied. 

The  weighing  levers  must  sustain  all  the  stress  or  force  acting  on 
the  specimen,  without  suiBScient  deflection  to  affect  accuracy  of  the 
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Fio.  53.  —  Draw-head  Olseh  Macbine. 


The  clamps  used  by  Riehl^  Brothers  for  holding  flat  specimens  ar 
shown  in  Figs.  54  to  Fig,  56,  as  follows  : 

Fig,  55  is  a  plan  view  of  the  draw-head,  wiih  specimen  in  posi 
tloQ:  CC,  curve-faced  wedges;  D,  specimen;  A,  draw-head;  and  BB 
taision-rods. 

Fig.  56  is  a  seciional  view  of  same.  Fig,  54  is  a  separate  view  o 
ibe  ftedge.  The  inclinations  of  the  outside  surfaces  of  the  wedge 
^^  exaggerated  in  the  drawings,  so  as  distinctly  to  show  the  con 
stmciion. 

Wedges  have  been  made  with  spherical  backs,  and  a  portion  of  thi 
draw-heads  mounted  on  spherical  surfaces  in  order  to  insure  axia 
strun.  Special  holders  into  which  screw-threads  have  been  cu 
iiave  been  used  with  success,  and  in  many  instances  the  specimen 
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hare  been  fastened  to  the  draw-heads  by  right  and  left  threaded 
screws. 

The  wedge- fastening  is  the  most  widely  used  in  American  com- 
mercial testing.  It  has,  however,  been  found  impossible  to  get  a 
really  accurate  centering  and  uniform  stressing  with  this  fastening, 
and  in  any  work  of  importance  screw -ends  must  be  used  on  the  test- 
piece,  with  ball  and  socket  supports. 


54.  Specifications  for  Government  Testing-machine.  —  The  large 
machine  in  use  by  the  United  States  Government  at  the  Watertown 
Arsenal  was  built  by  Albert  H.  Emery.  The  machine  is  not  only 
of  large  capacity,  but  is  extremely  delicate  and  very  accurate.  A 
perspective  view  of  the  machine  is  shown  in  Fig,  38. 

The  requirements  of  the  United  States  Government  as  expressed 
in  the  specifications,  which  were  all  successfully  met,  were  as  follows: 

I  St.  A  machine  with  a  capacity  in  tension  or  compression  of 
800,000  pounds,  with  a  delicacy  sufficient  accurately  to  register  the 
Stress  required  to  break  a  single  horse-hair. 

2d.  The  machine  should  have  the  capacity  of  seizing  and  giving 
the  necessary  strains,  from  the  minutest  to  the  greatest,  without  a 
large  number  of  special  appliances,  and  without  special  adjustments 
for  the  dillerent  sizes. 

3d.  The  machine  should  be  able  to  give  the  stresses  and  receive 
the  shocks  of  recoil  produced  by  rupture  of  the  specimen  without 
injury.  The  recoil  from  the  breaking  of  a  specimen  which  strains  the 
machine  to  full  capacity  may  amount  to  800,000  pounds,  instantly 
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applied.  The  machine  must  bear  this  load  in  such  a  manner  as  to 
be  3ensiti\'e  lo  a  load  of  a  single  pound  placed  upon  it,  without 
readjustment,  the  next  moment. 

4th.  The  parts  of  the  machine  to  be  at  all  times  accessible. 

5th,  The  machine  to  be  operated  without  excessive  cosL 

DfScripiioH  of  Emery  Testing-machine.  —  These  machines  are 
now  constructed  by  Wm.  Sellers  &  Co.  of  Philadelphia,  under  a 
license  from  the  Yale  &  Towne  Mfg.  Co.  of  Stamford,  Conn, 

The  following  description  will  so^t  to  explain  the  principle  on 
which  the  machine  iict5>: 

The  machine  consists  of  the  usual  pans:  i.  Apparatus  to  apply 
the  power.  2.  CUn^lS  for  holding  the  spcdmea.  3,  The  weighing 
dexice  or  scale. 

I.  The  apparatus  for  applying  power  cooasts  of  a  large  hydraulic 
press,  which  is  moonted  on  wbceb  as  shown  in  the  engravings, 
Fig.  3$  and  F^.  57,  and  can  be  moird  a  greater  or  less  distance 
from  the  fixed  bead  of  the  machine.  T«t>  large  screws  serve  to 
lix  or  bold  this  hydnuilic  press  in  any  po-Jtion  desired,  according 
to  the  loigth  of  tbe  ^xvimcn:  and  when  rupture  b  produced  the 
shock  is  recdwed  at  each  end  of  these  screws,  which  tend  to  alter- 
nately eloT^ate  and  c»mprcs^  and  take  aD  ibe  strain  from  the 
foundation. 

i.  Clamps  for  hohfin^  tbe  spenmen.  Tbese  are  peculiar  to  the 
EmeT>-  lAachine,  and  arc  shown  in  Fig.  5;  in  sectios.  This  6gnre 
also  shows  a  »xiioQ  ot  the  nxod  head  of  ihe  machine,  and  a  portion 
of  the  strjuaii^-piress,  with  clr«-aBon  of  the  bolda-  for  the  other  end 
of  the  spedmen. 

The  clamps,  numbcwd  14S4  in  F%  57.  are  inseried  between  two 
mox'ablc  jaw?  (1477%  wiiicii  are  pressed  logctbrr  by  a  hjdranltc 
press  (1480),  resiTi^  ob  tbe  tiocd  sappfSR.  (1476V  By  this  heaTJ 
lateraJ  pressure  foirce  «qual  to  ijoeayOOP  paands  can  be  app^ 
to  hr>)d  the  ^>odT»cn.  T^e  amooot  «f  d&  favce  is  <4Krwn  by  gauges 
connerred  to  ihc  press  criinikr,  and  can  be  KcgnUted  as  requii 

For  the  vertical  machines  time  shield  or  boSdcr^  are  aitan^l 
AS  rn  havcsuffidcni  laJendmcffinBteteepiETbcEncof  thcte^- 

3.  The  ^-cifrhrng  de-t-ice.    This  is  ibe  espocaal 
Enim  macbino :  instead  of  knife-edges,  thin  ^s^Mcs  «f : 
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which  axe  flexed  suflBciently  to  allow  the  necessary  motion  of  the 
levers.     The  steel  used  varies  from  0.004  to  0.05  inch  thick,  and  the 

blades  are  so  wide  that  the  stress 
does  not  exceed  40,000  to  60,000 
pounds  per  square  inch. 

Fig.  58  shows  the  form  of 
fulcrums  used  for  light  forces 
when  the  steel  fulcrums  are  in 
tension. 

Fig.  58.— Emery  Knife  Edge  Fulcrum.       The  method  of  measuring  the 

load  is  practically  that  of  the 
hydraulic  press  reversed,  but  instead  of  pistons,  diaphragms  having 
very  little  motion  are  used.  Below  the  diaphragm  is  a  very  shallow 
chamber  connected  by  a  tube  to  a  second  chamber  covered  with  a 
similar  diaphragm,  but  of  a  diflferent  diameter.  Any  downward 
pressure  on  the  first  diaphragm  is  transmitted  to  the  second,  giving 
a  motion  inversely  as  the  squares  of  the  diameters.  This  latter 
motion  may  be  farther  increased  in  the  same  manner,  with  a  corre- 
sponding reduction  in  pressure,  or  it  may  at  once  be  received  by  the 
system  of  weighing  levers.  The  total  range  of  motion  given  the 
first  diaphragm  in  the  50-ton  testing-machine  is  ^^^Vnir  P^^t  of  an 
inch,  but  the  indicating  arm  of  the  scales  has  a  motion  of  yJo  of 
an  inch  for  each  pound.  This  increase  of  motion  and  corre- 
sponding reduction  of  pressure  is  accomplished  practically  without 
friction. 

The  above  mentioned  parts  may  be  understood  from  a  study  of 
Figs.  59,  60,  and  61.  Fig.  59  shows  the  base  frame  and  abutments 
of  the  vertical  machine.  The  diaphragm  is  placed  between  the 
frames  EE,  the  whole  being  supported  on  springs  rf,  so  as  to  have 
an  initial  tension  on  the  test  piece. 

The  pressure  on  the  diaphragm  between  the  frames  EE  is  com- 
municated by  the  tube  /  to  a  similar  diaphragm  in  communication 
with  the  weighing-levers,  Figs.  60  and  61.  In  case  a  diaphragm 
is  used  it  is  placed  beneath  the  column  A,  Fig.  61 ;  the  motion  of  the 
colimui  A  is  commimicated  to  the  scale-beams  by  a  system  of  levers 
as  shown. 

The  scale-beam  mechanism  of  the  testing-machine  is  so  arranged 
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ih.ti  by  optT^iting  the  hindles  on  the  ootade  of  tbe  case  the  weights 
ri>juirnl  to  b&Uncc  tbc  load  can  be  added  or  Rtnovcd  at  pleasure. 
The  dexic*  ior  AiMmg  the  w«ghi3  is  shown  m  Fig.  62.  a,  b.  c,  d,  t, 
Mill  Jut  the  Wrights,  which  are  leually  fold-phtcd  lo  prevent  ru^i- 
ini:.    Tbeae  when  aoi  m  use  are  cvried  oa  the  siqiports  A  and  B 
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Fig.  61.  — Beam  por  Platform-scale, 
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Machines  have  been  built  by  this  firm  since  1876,  The  fonn 
of  the  first  machine  constructed  was  essenUaJly  that  of  a  long 
weighing-beam  suspended  in  a  frame 
and  connected  by  differential  levers  to 
Ihe  specimen,  the  power  being  applied 
by  a  hydraulic  press.  The  latter  forms 
arc  more  compact.  The  standard  hy- 
-f|  B  draulic  machine  as  constructed  by  this 

III  11         firm    is    shown    id    Fig.    6^.      In   this 

I  [J JJI         machine   the   cylinder  of  the  hydraulic 

~~  press,  which  is  situated  directly  beneath 

the  specimen,  is  movable,  and  the  piston 
is  fixed. 

This  motion  is  transmitted  through 
the  specimen,  and  is  resisted  by  the 
weighing  loTrs  at  the  top  of  the  ma- 
chine, whkh  are  connected  by  rods  and 
levers  to  the  scale-frame.  Two  plal- 
bxms  connected  by  a  frame  are  carried 
by  the  weighing  le^-ers:  the  upper  one  is 
slotted  to  receii-e  the  wedges  for  holding 
the  specimen;  the  lower  one  forms  a 
plane  table.  The  intermediate  plationn, 
or  draw-bead,  can  be  adjusted  in  diffet- 
ent  positioELS  by  turning  the  outs  on  the 
screws  sbown  in  the  cut.  For  ten^on- 
sirains  ibe  specimen  is  placed  between 
the  upper  and  miermediatc  head;  for 
compnssioii  it  b  placed  between  the 
iiiicnnedi»l«  ukd  hnrcr  bcatK  \a  attachment  ts  often  added  to 
the  li>*rf  pbtfcna.  k»  that  ttaasverse  stnins  can  be  applied. 

11k-  hvxlrauHc  cvttader  b  coaaected  by  two  screw  mL-i  to  the  in- 
te-rnKviixie  phtfetna  or  dnw-bcad,  and  vbcn  tt  b  fivccd  down- 
vxryl  by  the  opetvkm  vt  the  ptimp  this  draw-head  is  moved  in  He 
>Anw  vlittvTHW  anJ  at  ihe  sainc  rale. 

5^.  Riffhl*  Pg«r«r  MacfeiMt.  — The  machJBes  in  whkh  power 
ai<:'tic\i  by  $iMrw$  are  mw  imc*  ftmcnJBt^f  wed  than 


i 


power JM 
Imlnijm 


Fk.  64.  —  RlEHLK  TESTnco-MArHPfE  for  TrN-sms-.  Compmssiox,  and 
Trassversf.  IjiAvisr,.     liitK  \rrvv. 
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m^hines.  Fig.  64  sboK-^  ibe  de^gn  of  geared  machine  now  built  hj 
Riehle  BrDtbers.  la  this  mafhtiK  both  ibc  gearing  for  applying  the 
power  and  the  levers  connected  '■nth  the  veiling  apparatus  aie 
near  ihe  6oor  and  belovr  the  s}:<tcimen,  thus  gi'nag  the  machine  great 
>ubili;y.  The  heads  bx  holding  the  sfKcimcn  are  airanged  as  in  the 
hydraulic  machine,  and  powci  is  appGcd  to  more  the  intcnnediate 
ph::onn  up  or  down  as  icqmivd.  Tbe  iq>[>er  bead  and  towtf 
pU'.torm  lorm  a  pan  of  tbe  wnelm^  sv^tcm.  The  imeanediale  or 
dr^w-faead  may  be  mov^  either  br  fricke-vfaKls  or  spur-geais  at 
\\irk->.:>  ?pevd>,  which  arc  regulaled  br  ivo  krcrs  cooTouent  to  the 
o-.«?ra;or  sanding  Dear  tbe  acak-beam. 

The  :iot:<e  can  be  mored  backvard  or  farvard  00  the  scale-beam, 
ni:  V-:  di>imbing  tbe  halancc.  br  Btaits  of  a  haDd-whee-l,  opposite 
:he  rj.A-rum  on  which  the  scale^^icam  nas. 

The  ^~ak~b>eam  can  te  rt-ad  10  nuninc  dniaons  br  a  vernier  on 
:he  ;0:je. 

57  Oben  Tcstinc-aMdMe.  —  Tbe  -r-*^— =  of  Tmhis  Oben  k 
K.'.\  ■c:  Philadelphia  aic  aB  opcsaird  br  gmhig,  diinti  Iqr  hand  in 
:r^   —ichines-  ot   anaU  caparitT,  aad  bv  povcr  m  litoat  of  lai^ 


Tr-T    prceril    ionn  of  ibe  — tt'*''"  b  ^trwa  ia  F%.  65,  from 
:>  <ctrQ  ihai  ibepmdfiiesoioaKtracDDa  aietfaessaieaE  ia 
;  —ichine  ItK  viirscnbciL 
r>r   ir:er=:5e\:U:e   piMfaas  «r  A^-hnd  is  epewrf  ly  fonr 

.:■-■>  lr.?;i^Jti  o!  by  nna^  1 

I"-^-  r-ihhbie  v~.ia  be  operate  a^  «:trVv^  rales  of  spEcd  in  ehbet 

:•    A=o  :>  TV-Aiily  .    -  -  rat  kvcrs. 

S^    r^.irsOMj"s  Tocsift=    7.  Both  tbe  breakn^ 

■-    ,  ^  :.->:  -.25^  =x>iui:-.~  \i:2eii  from  ibe  aiilo-^ 

:.?^  j^i  :!ijc,-^;3i?  7"^  —"iloil  in 
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Fig.  67.  A  pencil  is  carried  in  the  ajds  of  the  pendulum  produced 
and  at  the  same  time  is  moved  parallel  to  the  axis  of  the  test-piecf 
by  a  guide  curved  in  proportion  to  the  sine  of  the  angle  of  devia 
tion  of  the  pendulum,  so  that  the  pencil  moves  in  the  direction  o: 
the  axis  of  the  specimen  aa  amount  proportional  to  the  sine  of  thii 


ingle.  A  drum  carrying  a  sheet  of  paper  is  moved  at  the  same  rati 
isihe  end  of  the  specimen  to  which  the  power  is  applied.  Now  i 
tlie  pencil  be  made  to  trace  a  line,  it  will  move  a  distance  aroiin< 
the  drum  which  is  equal  to  the  angle  of  torsion  (a)  expressed  ii 
•ifgrees  or  k  measure,  and  it  will  move  a  distance  parallel  to  Ihi 
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axis  of  the  test-piece  proportional  to  the  moment  of  external  force: 
Pa. 

The  diagram,  Fig. 67,  from  Church's  "Mechanics  of  Engineering, 
shows  the  working  portions  of  the  machine  very  clearly.  In  th 
figure,  P  is  the  pendulum,  the  upper  end  of  which  moves  past  th 
guide  WRy  and  is  connected  by  the  link  FA  with  the  pencil  A2 
The  diagram  is  drawn  on  a  sheet  of  paper  on  the  drum,  which  i 
rotated  by  the  lever  6.  The  drum  moves  through  the  angle  c 
relatively  to  the  pendulum  which  moves  through  the  angle  /?.  Th 
test-piece  is  inserted  between  the  pendulum  and  drum. 

The  value  of  a  in  degrees  can  be  found  by  dividing  the  distance  o 
the  diagram  by  the  length  of  one  degree  on  the  surface  of  the  pape 
on  the  drum,  which  may  be  found  by  measurement  and  calculatior 

Application  of  the  Equations  to  the  Strain-diagram.  — For  th 
breaking-load,  equation  (16)  of  Chapter  III,  may  be  written. 

e 

The  external  moment  M  equals  Pr  sin  ^,  in  which  P  is  the  fixe 
weight,  r  the  length  of  the  pendulum,  ^  the  angle  made  with  th 
vertical.     Hence 

Pr  sin  ^  =  ^/p  -^  e. 

In  this  equation  P  and  r  are  constant,  and  depend  upon  the  machine 
Ip  and  e  are  constant,  and  depend  upon  the  test-piece.  Sin  ^  is  th 
ordinate  in  inches  on  the  autographic  strain-diagram,  and  can  b 
measured;  knowing  the  constant,  s  may  be  computed  from 

s  =  Pre  sin  /?  -5-  Ip, 

For  the  modulus  of  rigidity,  apply  equation  (19),  Chapter  11 

page  62. 

The  modulus  of  resilience  (see  equation  (18),  page  62)  is  the  are 
of  the  diagram  within  the  elastic  limit,  expressed  in  absolute  unit 

J7a  =  J  s'y  for  unit  of  material. 
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head  is  suspended  so  as  to  permit  free  elongation  of  the  specimen. 
The  chucks  used  have  self-centering  jaws  which  will  hold  the  speci- 
men rigidly  and  central  during  application  of  the  stress.  In  the 
Riehi^  machine  shown,  the  adjustment  for  specimens  of  various 
lengths  is  made  by  moving  the  weighing  head. 


Fig.  68.  —  Riehle  Power  Tobsios-  Testinc  Machine. 


It  is  in  general  not  best  to  determine  the  angle  of  torsion  from  a 
graduated  scale  on  the  movable  chuck  unless  the  slip  of  the  specimen 
in  the  jaws  is  corrected  for.  The  Richie  Co.  make  a  torsion  indica- 
tor, which  is  applied  direcdy  to  the  specimen  and  thus  obviates  any 
inaccuracy  due  to  slip.  The  construction  of  this  indicator  is  shown 
in  Figs.  6g  and  70  and  needs  no  further  explanation.  Two  of  these 
are  used,  clamped  to  the  specimen  any  desired  distance  apart.  The 
reading  of  the  dial  near  the  weighing  head  is  subtracted  from  thi.t 
near  the  power  head. 

Fig,  71  shows  the  Olsen  power  torsion-machine.  Here  the  mov- 
able or  power  chuck  is  shown  at  the  right,  the  stationary  or  weighing 
chuck  at  the  left.  In  the  particular  machine  shown,  that  at  Sibley 
College,  the  scale  beam  shows  the  force  in  pounds  acting  at  an  arm 

of   2<f. 
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In  the  Olsen  machine  the  angle  of  torsion  may  be  measured  by 
clamping  dogs  on  the  specimen  at  each  end  so  as  to  engage  the 
projections,  shown  at  b,  Fig.  71,  of  the  index-rings,  which  are  free  to 
move  over  the  graduated  scales  of  the  chucks.  The  angle  of  torsion 
of  the  specimen,  for  a  length  represented  by  the  distance  between  the 
centers  of  the  dogs,  is  the  angle  turned  through  by  the  movable 
chuck  less  the  sum  of  the  angles  through  which  the  index-rings  are 
pushed  by  the  dogs.  Let  a^  =  angle  through  which  movable  chuck 
is  rotated,  a,  =  angle  through  which  index-ring  on  the  movable 
chuck  is  pushed  by  the  dog,  a,  =  angle  through  which  index-ring  on 
fixed  chuck  is  pushed  by  the  dog,  and  a  =  angle  of  torsion.     Then 

This  angle  may  also  be  measured  through  short  ranges  by  means 
of  two  index-arms  clamped  to  the  specimen,  as  shown  at  c,  Fig.  71. 
One  arm  carries  a  pointer  which  plays  over  an  arc  (d),  graduated 
in  inches,  whose  center  of  curvature  is  the  center  of  the  specimen. 
The  distance  traversed  by  the  pointer  divided  by  the  radius  of  the 
arc  gives  the  angle  of  torsion  in  circular  measure. 

The  constant  of  the  Olsen  machine,  or  the  value  of  the  gradua- 
tions on  the  scale-beam,  may  be  found  as  follows  (see  Fig.  72) : 
The  fixed  chuck  is  rigidly  connected  to  link  K  as  shown.  The  tor- 
sion moment  (Pa)  on  the  specimen  tends  to  rotate  the  chuck  and  link 
as  indicated  by  the  arrow.  The  only  additional  forces  acting  on 
K  are  the  vertical  forces  of  strut  P^  and 
of  the  frame  through  the  knife-edges 
at  /?.  The  right  end  of  link  K  is  pre- 
vented from  dropping  down,  when  no 
load  is  on  the  specimen,  by  a  strut  acting 
upward  at  R  (not  shown  in  figure).  R 
may  therefore  act  either  upward  or 
downward,  depending  upon  the  intensity 
of  Pa.  The  weight  of  K  may,  however, 
be  entirely  neglected,  since  the  counter- 
poise of  the  machine  may  be  so  set  that  the  system  is  in  equilibrium 
with  no  stress  on  the  specimen. 

With  the  dimensions  shown,  weight  of  poise  =  40  i)ounds,  length 


30- 


FiG.  72.  —  Weighing  Head  of 

Ol.SEN   TORSION-MAailNE. 


i 


94  EXPERIMENTAL  ENGINEERING 

between  divisions  on  scale-beam  =  f  inch,  conader  ^  as  a  free 
body.     Then  i; (Fa)  =  o  and  2 F  =  o.     From  which 

f  a  =  12  P,  +  8  R  and  P,  =  R, 
or  Pa  =  2oP,  (i) 

P,  acts  at  a  lever-arm  of  2  inches  on  the  lower  lever  G,  and  P^  acts  at 
a  lever-arm  of  30  inches.     Then 

2  P,  =30  P,  and  P,  =  15  Pj  {2) 

Pj  acts  on  scale-beam  at  a  lever-arm  of  2  inches,  and  this  moment 
must  be  balanced  by  moving  the  poise  W  along  a  distance  x. 
From  which 

2  P,  -=  I^a;  (3) 

From  (i),  (2),  and  (3)  we  have 

Po  =  20  X  1 5  X  20  a;. 
Make  x  =  i  scale  division  =  §  inch,  then 

Pa  =  4000  inch-pounds. 

Since  the  value  of  each  division  as  marked  on  scale-beam  is  200, 
the  constant  of  the  machine  is  20, 

For  an  accurate  determination  of  the  angle  of  torsion,  it  is  impor- 
tant that  the  specimen  be  kept  straight  during  the  application  of 
stress,  and  that  the  angle  of  torsion  be  measured  from  arcs  or  scales 
having  the  same  center  as  the  specimen. 

60,  Impact-testing  Hachine.  —  Tke  Drop  Test  —  Testing  by 
Impact.  —  This  test  is  recommended  for  material  used  in  machinery, 
railroad  construction,  and  generally  whenever  the  material  is  likely 
to  receive  shocks  or  blows  in  use. 

It  is  usually  performed  by  letting  a  heavy  weight  fall  on  lo 
the  material  to  be  tested.  The  Committee  on  Standard  Tests  ol 
the  American  Society  of  Mechanical  Engineers  recommend  that  the 
standard  machine  for  this  purpose  consist  of  a  gallows  or  framework 
operating  a  drop  of  twenty  feet,  the  weight  to  be  2000  pounds,  the 
machine  to  be  arranged  substantially  like  a  pile-driver.  The  impact 
machine  designed  by  ^^r.  Hcisler,  Fig.  73,  consists  of  a  pendulum  ^ 
with  a  heavy  bob,  which  delivers  a  blow  on  the  center  of  a 
securely  held  on  two  knife-edge  supports  affixed  to  a  heavy  axasb 
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melal.  This  machine  is  especially  designed  for  comparative  tests 
of  cast  iron ;  it  is  furnished  with  an  arc  graduated  to  read  the  vertica 
fall  of  the  bob  in  feet,  and  a  trip  device  for  dropping  the  ram  fron; 
any  point  in  the  arc.  A  paper  drum  can  be  arranged  for  automati- 
cally recording  the  deflection  of  the  test-pieces. 


Fio-  73-— Heisler  Impact  T«STmo-MACHiNE. 


hetW  =  the  weight  of  the  bob; 

h  =  the  distance  fallen  through; 
P  =  centre-load; 
i  =  deflection. 


Wk  =h  Pi. 
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poise-weight  G  in  its  place,  flang  the  cup  F  on  the  hook  muier  the 
large  balance-ball  E,  and  proceed  to  weigh  the  shot  in  the  ordinaiv 
way,  using  the  poise  R  on  the  graduated  beam  D  and  the  weights  H 
on  the  counterpoise- weight  G.  The  result  will  show  the  number 
of  pounds  required  to  break  the  specimen. 

Owing,  apparently,  to  a  certain  give  in  the  shackles  and  lever,  it 
sometimes  becomes  necessary  to  turn  the  wheel  P  to  prevent  D 
from  striking  the  lower  stop  before  the  test  is  complete.    U«ler 


Fir,.  76.  — RiEiiLt  Ceuem-tuiwc  Machine. 

high  loails  it  becomes  difficult  to  do  this  uniformly  by  hand.  In 
the  litttT  forms  of  this  machine  an  attachment  is  now  located  in 
the  bajic  of  the  machine  whereby  P  can  be  turned  through  gear- 
ing, making  the  action  more  uniform  and  Iws  apt  to  affect  the 
strength  of  the  K[«-iimcn  by  jars. 

Aulomatic  Machines,  similar  in  their  action  to  the  Fairbanks, 
are  also  built  by  Tinius  f)lscn  &  Co.,  and  by  Richie  Bros.  Testing 
Miichine  Co.,  Ijoih  of  I'hila'lt.lphia.  These  firms  also  make  cement- 
tciting  m;ichines  of  a  different  type,  of  which  Figs.  75  and  76  are 
exam  pi  (:s. 
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The  Olsen  Cement-tester  is  shown  in  Fig.  75.  The  power  is  applied 
by  the  hand-wheel  and  screw,  so  that  it  strains  the  briquette  very 
slowly.  The  poise  on  the  scale-beam  is  moved  by  turning  a  crank 
so  that  the  beam  can  readily  be  kept  floating. 

The  RiehU  Cement-tester  is  shown  in  Fig.  76.  The  briquette 
to  be  tested  is  placed  between  two  shackles  mounted  on  pivots  so 
as  to  be  free  to  turn  in  €very  direction. 

Power  is  applied  to  the  specimen  through  belts  and  gearing  as 
shown,  and  is  measured  by  the  reading  on  the  scale-beam  at  the 
position  of  the  poise. 

TESTING-MACHINE  ACCESSORIES. 

62.  General  Reqxiirements  of  Instruments  for  Measuring  Strains. — 

In  the  testing  of  materials  it  is  necessary  to  measure  the  amount  of 
strain  or  distortion  of  the  body,  in  order  to  compute  ductility,  mod- 
ulus of  elasticity,  etc.  The  ductility  or  percentage  of  ultimate 
deformation,  since  the  latter  is  usually  a  large  quantity,  can 
often  be  obtained  by  measurement  with  ordinary  scales  and  cal- 
ipers. Thus,  in  the  tension-test  of  a  steel  bar  8  inches  long,  it  will 
increase  in  length  before  rupture  nearly  or  quite  2  inches;  if  in  the 
measure  of  this  quantity  an  error  equal  to  one-fiftieth  of  an  inch  be 
made,  the  resulting  error  in  ductility  is  only  one-half  of  one  per  cent, 
Inthemeasurement  of  deformation  occurring  within  the  elastic  limit 
the  case  is  very  different,  as  the  deformation  is  very  small,  and  conse- 
quently a  very  small  error  is  sufficient  to  make  a  great  percentage 
difference  in  the  result. 

The  instruments  used  for  the  purpose  of  measuring  elongation 
are  called  extensomeiers,  and  vary  greatly  in  form  and  in  principle 
of  construction.  The  instrument  is  generally  attached  to  the  test- 
piece,  either  on  one  or  on  both  sides,  and  the  deformation  is  obtained 
by  direct  measurement  with  one  or  two  micrometer-screws,  or  by 
the  use  of  lev^ers  which  multiply  the  deformation  so  that  the  results 
can  be  read  on  an  ordinary  scale.  As  a  rule,  instruments  which 
attach  to  one  side  of  the  test-piece  will  give  erroneous  readings  if  the 
test-piece  either  be  initially  curved,  or  deformed  so  as  to  draw  its 
axis  out  of  a  right  line,  and  this  error  may  be  large  or  small,  as 
the  conditions  vary. 
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The  extensometers  in  use  generally  consist  of  some  form  of 
multiplying-lever  the  free  end  of  which  moves  over  a  scale  which 
may  or  may  not  be  provided  with  a  vernier,  or  of  a  micrometer- 
screw,  which  is  used  to  measure  the  distance  between  fixed  points 
attached  to  the  specimen  or  of  some  form  of  mirror  apparatus,  or 
various  forms  of  cathetometers. 


r^"3  ,  s 


Fig.  77.  —  Wedge  Scale. 

63.  Variotis  Forms  of  Extensometers.  The  Wedge  Scale,  — 
The  wedge-shaped  scale.  Fig.  77,  which  could  be  crowded  between 
two  fixed  points  on  the  test-piece,  was  one  of  the  earliest  devices 
to  be  used.  In  using  the  scale  two  projecting  points  were  attached 
to  the  specimen,  and  as  these  points  separated,  the  scale  could 
be  inserted  farther,  and  the  distance  measured. 

The  Bauschinger  Roller  and  Mirror  Extensomeler.  —  To  Professor 
Bauschinger  belongs  the  credit  of  first  systematically  taking  double 
measurements  on  opposite  sides  of  a  test-bar.    The  general  principle 


c 
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Fig    -8.  —  Bauschinger's  Mirror  Apparatus. 

of  liis  ai)[)aratus  is  shown  in  Fig.  78.     It  is  seen  to  consist  of  twaj 
knife-L'dged  clips,  6,  6,  which  are  connected  to  the  specimen  and 
carry   two    hard   ebonite  rollers,   d^   d,   which  turn  on  accura 
centered  spindles.     The  spindles  are  prolonged,  and  support  mirr 
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,  g,  which  rotate  in  the  plane  of  the  figure  as  the  spindles  rotate. 
^ps,  a,  a,  are  fastened  to  each  side  of  the  test-piece  at  the  opposite 
:nreniity,  and  are  connected  by  spring-pieces,  with  the  rollers.  The 
;pring-pieces  are  slightly  roughened  by  file,  and  turn  the  rollers  by 
iiiciional  contact,  so  that  the  least  extension  of  the  test-piece  causes 
i  roialion  of  the  mirror  through  an  angle.  If  a  scale  be  placed  at 
J,  J,  and  telescopes  at  e,  e,  the  reflection  of  the  scale  will  be  seen  in  the 
mirror  in  looking  through  the  telescope,  and  any  extension  of  the 
test-piece  will  cause  a  variation  in  the  reading  of  the  scale  as  seen  in 
ik  mirror.  The  apparatus  is  equivalent  to  a  lever  apparatus  having 
for  3.  small  arm  the  radius  of  the  roller  g,  and  for  a  long  arm  the 
double  distance  of  the  scale  from  the  mirror.  With  this  instrument 
ii  is  eridently  possible  to  obtain  very  accurate  measurements,  but 
on  the  other  band  the  instrument  is  very  cumbrous  and  difficult  to 
UM.  The  mean  of  the  two  readings  with  the  Bauschinger  instru- 
meot  is  the  true  extension  of  the  piece. 

Professor  Unwin  obviates  the  use  of  two  mirrors  and  two  telescopes 
by  attaching  clips  to  the  center  of  the  speci- 
men and  having  the  single  mirror  revolve  in 
a  plane  at  right  angles  with  the  plane  pass- 
ing through  the  clips  and  the  axis  of  the 
specimen. 
Sinktmyer's  Roller  Extensometer,  Fig.  79,  1 
ws  designed  in  1886,  and  is  a  double-roller  i 
roenfometer.  The  apparatus  consists  of 
a  folkr  carrying  a  needle,  which  is  centered 
wiih  respect  to  a  gi'aduated  scale.  The 
toiler  moves  between  side-bars  extending  to 
clips  trliich  are  fastened  to  each  end  of  the 
spaimen.  The  tension  between  these  side- 
tors  can  be  regulated  by  a  spring  with  a 
sreiT  adjustment.  The  objections  to  this  form  of  extensometer  are 
dw,  first,  to  slipping  of  side-bars  on  the  roller,  and  second,  to  the 
difficulty  in  making  the  roller  perfectly  round. 

Regarding  the  various  forms  of  extensometers,  the  writer  would 
ay  that  his  experience  has  covered  the  use  of  nearly  every 
fonn  mentioned,     and    none    have    proved    to    be   superior    in 
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accuracy  to  that  with  the  double  micrDmeter-screw,  and  h 
be  applied  so  readily. 

The  Painr  Ex/tmometer.  —  This  instn 
r~"  J  shown  ia  Fig.  80.  operates  on  the  principle 

,r^^   «•  bell-crank  Itrver,  the  long  aim  moving  a  < 

over  a  scale  at  right  angles  to  the  axis  of  the 
men.  It  reads  by  the  scale  to  thousandth: 
inch,  and  by  means  of  the  vernier  to  one  tec 
sandth  of  an  inch.  Points  oq  the  instrumi 
fitted  to  indentations  in  one  side  of  the  test 
and  the  mstrumeni  is  held  in  place  by  sprinf 
It  is  of  historical  importance,  having  be 
vented  by  Colooc!  W.  H.  Paine,  and  used 
tests  of  material  for  the  Brooklyn  Bridgi 
also  on  the  cables  of  the  Niagara  Susp 
Bridge  when,  a  few  years  since,  the  questior 
strength  was  under  investigation, 

Buzby  Hair-lint  ExiensomeUr.  —  This 
eMensometer  in  which  the  deformation  b  u 
to  rotate  a  small  friction-roller  connected 
graduated  disk  as  shown  in  Fig,  8r,    A  proj 

pin  placed  in  the  axis  of  the  graduated  disi 

lyy^lB^  ^  between  two  parallel  bars,  each  of  which  i 
led  to  the  sjiccimen.  The  defortnat 
magnified  an  amount  proportional  to  the 
of  diameters  of  the  disk  and  pin.  The  ai 
of  deformation  is  read  by  noting  the  num 
subdivisions  of  the  disk  passing  the  hw 
To  prevent  error  of  parallax  in  reading,  s 
mirror  is  placed  back  of  the  graduation! 
readings  are  to  be  taken  when  the  graduf 
i-iG  1S3.  —  rADra       (jjg  cross-hair,   and   its   reflection   are   in 

EXIENSOUETEH.  ,  ,  ,  ,  r       i   ■        •  i. 

In  the  late   styles  of   this  rastrument  tin 
is  made  of  aluminum,  with  open  spokes,  to  reduce  its  weight. 
To  operate  this  instrument  it  is  only  necessary  lo  damn  it 
specimen,  to  adjust  the  mirror  and  cross-hair,  and  then  t- 
the  disk  by  hand  until  the  zero-line  corresponds  with  the 
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and  its  reflection.     Stress  is  then  applied  to  the  specimen,  and  read- 
ings taken  as  desired  in  the  manner  described. 


Johnson  Extensometer.  — Johnson  extensometer,  shown  in  Fig, 
81,  is  a  modification  of  the  Strohmeyer,  the  elongation  being 
dtnoted  by  the  motion  of  a  needle  over  a  graduated  scale.  The 
doQgatton  for  each  side  is  shown  separately,  and  the  algebraic  sum 
oi  tbe  two  readings  gives  the  total  elongation. 

TkuTjton's  Extensometer.  -^This  extensometer  was  designed  by 
Prof.  R.  H.  Thurston  and  Mr.  Wm.  Kent,  and  was  the  first  to 
nn|A)y  two  micrometer-screws,  at  equal  distances  from  the  axis 
irfthe  specimen.  These  were  coimected  to  a  battery  and  an  electric 
beO  m  such  a  manner  that  the  contact  of  the  micrometer-screws 
»«  indicated  by  somid  of  the  bell.  The  method  of  using  this 
fcttranent  is  essentially  the  same  as  that  of  the  Henning  and 
Marshall  instrument,  to  be  described  later. 
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a  double  diagranij  one  showing  the  entire  curve  to  the  breaking  poBi 
of  the  specimen;  the  other,  by  multiplying  the  elongation  witliin  n 
clastic  limit,  shows  the  characteristics  of  the  material  up  to  the  yid 
point.    The  tj-pe  of  diagram  o 
tained  is  shown  m  Fig,  88, 

A  simpler  type  of  autogiapl 
apparatus,  also  built  by  the  si 
company,  is  shown  attached  b 
the  machine  in  Fig.  89.  Here 
he  deformation  movement  of 
tie  specimen  is  converted  into 
ircular  motion  of  the  drum, 
?hile  the  pencil  moves  iip  alonj; 
tie  drum  in  proportion  lo  ihe 
lad. 
The  Olsen  aiitogiaphic  device 
IS  shown  attached  to  the  c 
chine  in  Fig,  90.  The  drum  I 
here  supported  parallel  lo  I 
■eam.  The  pencil  is  carried  I 
a  fine  threaded  extension  of  ti 
beam  screw.  Thus  moverof 
parallel  to  the  drum  represents  load.  The  deformation  of  t 
specimen  is  followed  by  contact  fingers  by  means  of  which  tl 
movement  is  multiplied  five  limes  and  converted  into  the  i 
motion  of  the  drum.  This  mccha  Lism  is  used  to  draw  the  entji 
diagram  for  the  detection  of  the  yield  point,  the  determinatid 
of  the  breaking  load,  etc.  For  the  more  accurate  work  rcfjuin 
within  the  elastic  limit  an  auxiliary  attachment  is  furnished  wbk 
multiplies  the  dL-formation  500  times. 

Concerning  any  autographic  apparatus  of  this  type  the  iq 
Idwing  points  should  be  kept  in  mind.  Owing  to  slip  in  the  jaws: 
Ihf  case  of  tension  and  yielding  of  the  supports  in  the  case  of  coi 
pression,  that  part  of  the  apparatus  recording  the  deformati 
should  never  be  attached  to  or  rest  against  the  heads  of  the  ig 
chine.  Instead  of  this,  collars  on  the  specii 
used.     Further,  the  more  elaborate  the  a{^>& 
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Fic.  90- — Olses  TESTiNO-ifACHiNE  WITH  AUTOGRAPHIC  Apparatus. 
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Run  ■mre  Tig.  84;  from  one  terminal  of  batten"  10  lower  clamp 
at  A .  from  B  and  B'  to  binding-post  C  on  the  electric  beU,  from  iht 
other  binding'po.;t  marked  D  to  switch  £,  and 
from    there    back    to    the    other    terminal  d 
battery. 

To  measure  deformation,  screw  up  the  mkitmi- 
cter  scren-  on  one  ^e  untO  the  bell  indicates 
contact,  then  back  off  very  slowly  until  the  circuit 
breaks,  then  take  the  reading.  .Vter  this,  back 
ofli  the  same  screw  a  little  more  to  pre\-ent  its 
making  contact  when  working  with  the  other 
side,  and  repeat  the  same  process  with  the  other 
screw. 

Boston  Micrometer  ExtensomeUr. — This  instru- 
ment consists,  as  shown  in  Fig.  85,  of  the  grad- 
uated micrometer-screw,  reading  in  thousandlhs 
up  to  one  inch,  and  ha^nng  pointed  extension- 
pieces  attached,  for  gauging  the  distance  between 
the  small  projections  on  the  collars  fastened  to 
¥ir..  85.  —  Boston-  the  Specimen  at  the  proper  distance.  These 
KxiEKsfiiiETER.  (-oiiars  are  marie  partly  self-adjusting  by  the 
springs  which  help  to  centralize  them.  They  are  then  clamped  in 
jflate  by  means  of  the 
(winiffl  set-screws  on 
the  sides,  and  meas- 
urements are  made 
Ixitwcen  the  projec- 
tions on  oi>ix)sile  sides 
of  the  sjtecimen  and 
com[)artd,  to  denote 
any  changes  in  shajie 
or  variations  in  the 
two  sides. 

'J'he  Brown    and 
S  h  ar  pe     micrometer 
can  readily  be  used  with  similar  collars,  thus  forming  an   exten- 
sijmeter;  the  accuracy  of  this  form  is  considerably  less  than  those 
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a.  doable  dn^ss,  ooe  dvariag  AecM 


c  to  de  lacaktDg  pal 


of  die 
etssdc 


die  oter;  bf  Bdb^iyi^  Ac  ebo^ukM  widua  4 

j^Knr^  die  cSaactexsKs  of  ibe  oUExal  Bp  ki  the  fid 

pomi.    Tbetjrpcof  <lt»em<>ali 

tained  is  Am  m  Fig.  SS. 

A  aimpin  tjpe  of  aaBogra.[dH 
appuvas*  dso  ba3t  bf  the  SUA 

de  BacJnK  Ib  Wm 

scsbr   moaoB  of  ^'ibil 
be  dnm  ik  prnpofdoB  to  v 


The  Oben  matoffmskScielli 
s  sfaowB  ftmded  to  As 
chme  m  1%.  90.  The  dnua; 
hae  soppiHtEd  pM»Dd  to  6 
bauiL  Tbe  pcncfl  is  carried  1 
X  fin^  thmdcd  csteDskm  of 
faeaa  xmr.  Tbns  tDovcmat 
poiaUd  lo  the  dnim  lepcesenls  load.  Hie  dcEormatkui  of  d 
speomea  b  tolkiwed  by  contact  bagcxs  br  means  of  which 
moTeflQcnt  is  imill^Jffd  6ve  tines  lad  converted  into  the  rots 
modoa  of  Ibe  dnzto.  Tlus  mrchmBm  b  used  10  disw  the  ta\ 
dogmn  ior  tbe  detectioa  of  tlie  jridd  point,  the  dcterminai& 
of  the  bccaking  load,  etc  For  die  more  accoraie  work  reqtiifl 
vithia  the  eiiLstx  Omit  an  vcdUair  attadunent  b  fiun^hed 
multiplies  the  defoncatioD  joo  ^^"fs 

CoDceming  an;  autognpUc  apfMcatos  of  ihi>  type  the  f 
loiriiig  points  should  be  kept  ia  mind.  Onng  to  stip  m  tfae  ja.vi 
the  case  of  tensSon  and  nddmg  of  the  supports  in  tbe  case  oi 
pfc^wa,  that  pan  of  tbe  appaiatos  recording  tbe  defoi 
should  Diwx  be  attached  lo  uc  rest  a^unst  the  beads  of  tbe 
c*i'ie.  Ir.ft*!^  of  thi^i,  collus  cm  the  specimen 
used.     Furtber,  the  more  elaborate  tbe  appaimtost 
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Fic.  90. — Olse^  TESTWc-VACRtNC  with  Adtogbaphic  Apparatus. 
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chance  for  error  of  adjustment,  for  lost  motion  in  the  bearings  and 
for  bending  and  yielding  in  tlie  levers.  All  these  tilings  affect  the 
result,  and  while  errors  thus  induced  may  not  seriously  affect  the 
determination  of  the  yield  point,  maximum  load,  brealting  load,  and 
total  elongation,  the  results  for  the  modulus  of  elasticity  as  deter- 
mined from  the  magnified  curve  should  alwaj's  be  used  with  caution. 


Fig.  9j 


The  autographic  apparatus  so  far  described  may  be  considered 
an  integral  part  of  the  machine.     Another  type  merely  forms 
auxiliary  attachment  to  the  ordinary  extensometer.     To  this  claS., 
belong  the  Henning  pocket  recorder  and  the  Kenerson  exfensoi 
eter,  the  latter  of  which  is  shown  in  Fig.  91.     In  this  instrument 
upper  clamp  carries  a  drum  whose  motion  about  its  axis  is  contro'' 
by  ihi;  movement  of  the  poise  on  the  weighing  beam  by  mean? 
cord.     The  pencil  is  carried  by  a  weight  which  canmoveiiport 
between  two  guide  rods  also  carried  by  the  upper  clamp. 
weight  is  suspended  by  means  of  two  cords  which  pass  over  &- 


rail 
an  I 

lassfl 
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guide  sheaves  and  which  are  wrapped  around  two  small  pull 
carried  by  the  miciometer  screws.  The  rest  of  the  apparatus  is  i 
an  ordinary  eztensometer.  As  the  specimen  sUetches  and 
contact  points  tend  to  separate,  the  weight  pulling  on  the  cc 
rotates  the  pulleys  and  maintahifl  contact.  Thus  motion  of 
pencil  downward  is  proportional  to  the  deformation. 


C^ 


Fig.  g: 


65.  Instruments  for   Measuring  Torsion,  Deflectbn,  and  Cc 
pwsion. —  Instruments  for  measuring   the  angle  of  torsion   h 
ilreadybeen  discussed  under  Torsion  Machines,  see  Art.  58. 
sttuments  for  measuring  the  deflection  of  a  specimen  subjected 
iransTerse  stress  are  termed  deftectometers. 
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The  deSectometer  nsuaHf  used  by  the  author  con^sts  of  a  light 
metal-frame  of  the  same  length  as  the  test-piece,  and  arched  or 
raised  sufficiently  in  the  center  to  bold  a  micrometer  above  the  point 
to  which  measurements  are  to  be  taken.  In  using  the  defleclom- 
eter  it  is  supported  on  the  same  bearings  as  the  test-piece,  and 
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measurements  made  to  a  point  on  the  specimen  or  to  a  point  on  the 
testing-machine  which  moves  downward  as  the  specimen  is  deflected. 
This  instrument  eliminates  any  error  of  settlement  in  the  supports. 
There  are  a  number  of  different  types  of  instruments  which  may  be 
use(J  to  measure  compression.  Some  of  these  are  modifications  of 
the  extensometer  idea,  see  Figs.  92  and  93.     Both  of  these  are 
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Flo.  g4. OUEH  COMPSISSION  MiCBOKETES  FOK  CONCBBTC,  KIC 


Fig.  95. COMFKBSSION  MICBOUETES  or  DEFLECrOIl&TEK- 


Fic.  q6.  —  Olsen  Coufkession  Michometer. 
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apparently  open  to  the  objection  that  they  do  not  allow  for  the 
settling  of  the  suppons.  The  instrument  shown  attached  to  the 
cylindrical  specimen  in  Fig.  94  a%'oids  this  source  of  error. 

Figs.  95  and  96  show  two  instruments  which  work  on  a  sonM- 
what  different  principle.  The  first  does  not  allow  for  the  yielding 
of  the  supports,  while  ttw  secood  works  between  collars  on  the 
specimen  and  is  iherrfoie  independent  of  any  movement  of  the 
supports.  The  instrument  shown  in  Fig.  95  is  also  often  used  as  1 
deflecUuneter  in  transverse  testing. 


i 


CHAPTER   V. 

STREHGTH   of  MATERIiOS.— methods  OF  TESTING. 

66.  Standard  Methods.  —  The  importance  of  standard  methods  of 
testing  material  can  hardly  be  over-estimated  if  it  is  desired  to  pro- 
duce results  directly  comparable  with  those  obtained  by  other 
experimenters,  since  it  is  found  that  the  results  obtained  in  testing 
the  strength  of  materials  are  affected  by  the  methods  of  testing  and 
by  the  size  and  shape  of  the  test-specimen.  To  secure  uniform 
practice,  standard  methods  for  testing  various  materials  have  been 
adopted  by  several  of  the  engineering  societies,  as  well  as  by  asso- 
ciations of  the  different  manufactiurers.  The  general  and  special 
standard  methods  adopted  by  these  associations  form  the  basis  of 
methods  described  in  this  chapter. 

67.  Tension  Testing.  — Form  of  Test-pieces.  — The  form  of  test- 
pieces  is  found  to  have  an  important  bearing  on  the  strength, 
and  for  this  reason  engineers  have  adopted  certain  standard  forms  to 
be  used.  The  form  recommended  by  the  Committee  on  Standard 
Tests  and  Methods  of  Testing,  of  the  American  Society  of  Mechani- 
cal Engineers,  is  as  follows;* 

"Specimens  for  scientific  or  standard  tests  are  to  be  prepared  with 
^e  greatest  care  and  accuracy,  and  tinned  as  nearly  as  possible 
according  to  the  following  dimensions.  The  tension  test-pieces  are 
^0  have  different  diameters  according  to  the  original  thickness  of 
^  material,  and  to  be,  when  expressed  in  English  measures, 
^tly  0.4,  0.6,  0.8,  and  i.o  inch  in  diameter;  but  for  all  these 
different  diameters  the  angle,  but  not  the  length,  of  the  neck  is  to 
femain  constant.  This  neck  is  a  cone,  not  a  fillet  connecting  the 
^lioulders  and  body.  The  length  of  the  gauged  or  measured  part 
^0  be  8  inches,  of  the  cylindrical  part  8.8  inches.  The  length  of  the 
coned  neck  to  be  2^  times  the  diameter,  increasing  in  diameter  from 

*  See  Vol.  XI.  of  Transactions. 
"5 
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the  cvlindrica]  part  to  li  times  the  crlindrical  part.  Tbe  shoulders 
to  have  a  length  equal  to  the  diameter,  and  to  be  coonected  with  a 
loUDd  bllet  to  a  bead,  which  has  a.  diameter  equal  to  twice  that  of  tiu 
cvIiiKler.  and  a  length  at  least  i}  the  diameter." 


h^l. 
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Flc.  97 — St.vcsakd  Tesi-hks  a  TKonm- 

F%-  07  shows  the  fona  of  the  icst-piece  iiiimiimikIiiI  Cor  lenson; 
Ac  Dumbers  above  the  Sgore  ^ve  ifianaiaoiis  m  ■JlKineters,  those 
Mom  ia  inches.     For,^ltf  Hst-fiuMs  the  s^ape  as  sbowa  tn  Fig.  9S 
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is.  n-coiii— ifcri:  sqeh  spccaaess  ar«  to  be  c«  baai  laiger  ptECCS^  J 
the  Slkts  are  b»  b«  accuratetr  miDni.  and  ihr  rtidi^TT  made  aaiplB  « 
to  Rcrnr  and  hoU  tbe  full  grip  of  the  ^tadhsor  wedges. 

U  <i«Ig!n.aKua«di>r&ii$tKiiu)^  the  cttbttibep^tfMdsfaoiddtie  - 
at  hniat  2  ito^ts  bM^  j 

The  kngjtb  br  wig^  bae  «bcB  sack  «•  vsri  aft  test-pieces  is  » 
he  th«  jwae  as  for  faashal  fcat-piKafl»  bat  tbr  katftfc  of  specina 
from  the  j^aiqpe-iKaidk.  l»  the  aaaiKst  haUsr  IK  a»  be  SM  fess  than  the 
■iiiumrter  of  tlw  teat-pitc*  $  niBai.  WODB  and  X  baS  iMSEtfae  ^eaiest 
Mix  li  tJ&C 

Foe  comawrciaj  aosUB];  tbe  Maodanl  ibcm  cattnot  ^wirs  be 
adbcrvd  n?.  aod  oo  ban  K^  rvcamiBaidcd.     TV  commuoesi  kxm  of 
test  jKv'Joo  in  cvmmecvial  wodt,  ^^  tocb  liiufflKtcr  imi  :  Jm^cs  i;aiiie  _ 
leo^th.     Tbn  ductilities,  found  ua  this  torm  ol  piece  ace  nnch  c 
th^iD  ''Vv>^(i  bfi  givKQ  by  che  sjubc  miucriul  in  the  atandacd  test- 
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form.  Ductility  is  always  a  function  of  the  ratio  of  length  to  diune 
ter  of  the  test  section.  The  strei^h  determinations  are  neail 
independent  of  the  shape  of  the  test  section  so  long  as  the  gauge 
length  exceeds  twice  the  diameter;  with  a  shorter  gauge-length  th 
strengths  will  be  too  high. 

68.  Test-pieces  t^  Special  Haterials.— TToih^.— Wood  is  a  difficuj 
material  to  test  in  tension,  as  the  specimen  is  likely  to  be  crushed  b 
theshackles  or  holders.  The  author  has  had  fairly  good  success  wit! 
specimens,  made  with  a  very  large  bearii^-surface  in  the  shackle; 
o[  the  form  shown  in  Fig.  98,  for  flat  specimens,  but  with  th 
breadth  of  the  shoulders  or  bearing-surfaces  increased  an  amoui] 
qual  to  one-half  the  width  of  the  spyecimen  over  that  shown  in  Fig.  pf 
Cast  iron.  —  Cast-iron  specimens  of  the  usual  or  standard  form 
ue  very  likely  to  be  broken  by  oblique  deformations  in  tea«on-test 
much  before  the  true  tensile  strength  has  been  reached.  To  insur 
JKriectly  axial  strains  Riehl€  Bros,  propose  a  form  of  specimei 
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Tea.  99, — Cast-ikon  Specimen  and  Self-centebcjc  Grips. 


shown  in  Fig.  99,  A,  B,  and  C,  cast  with  an  enlarged  head,  the  pre 
jetting  portion  of  which,  as  shown  in  C,  has  a  knife-edge  shapf 
The  specimen  is  carried  in  holders  or  shackles,  A  and  B,  which  re; 
on  knife-edges  extending  at  right  angles  to  those  of  the  specimer 
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This  permits  free  play  of  the  specimen  in  either  direction,  and  i 
dcrs  oblique  deformation  neaily  impos^ble. 

Chain.  —  In  the  case  of  chain,  large  links  are  welded  to  the  cs 
OS  shown  in  Fig.  too;  these  are  passed  through  the  heads  of  the  t 
ing-machine  and  held  by  pins. 


Pko.  loo. — Chain  Ttei-nm. 

Hemp  Rope.  —  A  similar  method  is  used  in  testing  h«np  ic 
the  specimen  being  prepared  as  shov^  in  Fig.  loi.  Special  boll 
conical  shackles  have  also  been  used  with  success  for  boltUng 
rope. 


Flo.  loi.  —  Row  TnrMKCK. 

Wire  Rt>pe,  — Wire-rope  specidiens  may  be  prepared  as  sho 
n  Fig.  103  or  heads  may  be  made  by  pouring  a  mass  of  mel 


^pn 


F»8,  to*. — WntE  Rop*  TisT'«xat 


Whhiii  moial  around  the  aids  of  ibe  wires  arranged  in  an  iron  a 
*.<  in  Fig,  loj. 


,;.  —  Mi^THrtT  fiF  HnijavR  3t^n. 


60.  iMrecTiou for  ItesioaHMstfi. — F.xaJninc  iVtcsa-pKCcarefii 
t->r  »n>  r"i»w.  ^ciK-i.  iTT«,iiUri:v.  .ir  ahncirma]  aj>pcaraiice,  aid ) 
ihai  ii  is  of  tv»nwt  fiirm  ariu  rtrcrully  rirt-narcd.    IndcaiiiiioBS  bf 
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a  hammer  often  seriously  affect  the  results.  In  wood  specimens, 
abri^ous,  slight  nicks  at  the  comers,  or  bruises  on  the  surface  will 
invariably  be  the  cause  of  failure. 

Nert,  carefully  determine  the  dimensions,  record  total  length, 
gauge-length  (or  Jength  on  which  measurements  of  strains  are  made), 
also  form  and  dimensions  of  shoulders.  Divide  the  specimen 
between  the  gauge-marks  into  inches  and  half  inches,  which  may  be 
marked  with  a  special  tool,  or  by  rubbing  chalk  on  the  specimens  and 
marking  each  division  with  a  steel  sc-ratch.  Special  gauges,  as  shown 
in  Figs.  104,  105,  and  106,  are  convenient  for  this  purpose.     These 
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Fig.  104.  —  Marking  Caoce. 
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Fig.  105.  — Riehl^  Laving-opp  Gauge. 


Fig.  106.  —  RiEHLE  Mabkinc  Gatioe. 

Hirks  serve  as  reference  points  in  measuring  the  elongation  after 
lipture,  and  this  elongation  should  be  measured,  not  from  the 
«nter  of  the  specimen,  but  either  way  from  the  point  of  rupture, 
Js  explained  below. 

The  matter  of  properly  holding  the  specimen  is  of  the  greatest 
importance.     Unless   special  forms  of  test-pieces  or  self-aligning 
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grips  are  used,  great  care  should  be  taken  in  the  proper  position  of 
the  wedges.  Fig.  107,  a  to  e,  published  by  the  Riehle  Co.  shows 
the  conditioiis  that  may  exist  when  ordinarj'  wedges  are  used. 
Fig.  a  shows  the  proper  position,  both  wedges  and  specimen  bear- 
ing the  whole  length.    Fig.  A  sho^-s  what  may  occur  with  a  thin 


e  d 

Fkj.  107. — WEDOe  Adjustments. 

specimen.  This  grip  may  hold  if  the  load  is  not  too  high,  but  it  is 
better  to  improve  it  by  the  use  of  liners,  as  in  Fig.  c  Fig.  d  shows  a 
condition  that  should  never  be  allowed  to  exist  The  grip  is  almost 
sure  to  fail  before  the  test  is  complete  by  the  crushing  of  the  top 
of  the  specimen,  and  above  all  the  severe  wedge  action  taking  place 
may  split  the  head  of  the  machine. 

A  cure  for  the  trouble  is  indicated  in  Fig.  e,  but  the  grip  b  not 
likely  to  stand  high  loads. 

See  that  the  testing-machine  is  le^-e!  and  balanced  before  each 
test ;  insert  the  specimen  in  a  truly  axial  position  in  the  machine, 

Attach  the  auxiliary  apparatus  for  measuring  stretch,  or  obtaining 
autographic  diagrams.  The  method  of  attaching  exlensometers 
will  depend  on  the  special  form  use!,  but  this  act  should  always  be 
carefully  performed,  and  the  specimen  exactly  centered  in  the  exlen- 
someter,  and  the  gauge-points  ananged  S  inches  apart.  The  fol- 
lowing directions  for  applying  and  using  the  Henning  extensometer 
will  serve  to  show  the  method  to  be  used  in  all  cases. 

The  Henning  extensometer  {see  Fig.  83)  is  attached  and  used 
as  follows:  Before  attaching  the  instnmient,  adjust  the  knife- 
edges  in  the  clamps  by  means  of  the  two  milled  nuts  so  that  they  are 
equally  distant  from  the  frame  and  a  distance  apart  a  little  smaller 
than  the  diameter  of  the  test-piece.  Then,  since  the  springs  acting 
on  the  knife-edges  are  of  equal  strength,  the  instrument  will  1 
itself  in  the  plane  of  the  screws  symmetrically  with  respect  t 
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test-piece.  Advance  or  withdraw  the  set-screws  until  their  points 
are  equally  distant  from  the  frame  and  far  enough  apart  to  admit  the 
test-piece. 

Separate  the  upper  portion  of  the  instrument,  put  it  aroimd  the 
test-piece  (already  inserted  in  the  machine),  near  the  upper  shoulder, 
with  the  smaller  part  to  the  right,  force  together  and  fasten  securely. 
Advance  the  set-screws  shnultaneously  imtil  their  points  indent  the 
test-piece.  Separate  the  lower  portion,  put  it  around  the  test-piece 
with  the  vertical  scales  to  the  front,  force  together  and  secure. 
Hang  the  Imks  on  the  proper  bearings  on  both  portions  of  the  instru- 
ment. Then  advance  the  set-screws  as  above.  Throw  the  links 
out,  take  readings  of  the  micrometers,  apply  the  first  increment  of 
load,  and  proceed  with  the  test  as  directed.  To  read  the  microme- 
ters make  the  electrical  connections;  advance  one  micrometer  imtil 
the  bell  rings  annoimcing  contact,  back  o£F  barely  enough  to  stop 
ringing.  Read  that  side  of  the  instrument.  Back  that  side  off 
further,  and  run  up  the  other  side  and  read  as  with  the  first.  Read 
ireak  of  circuit.  The  vertical  scale  and  the  micrometer  head  are 
graduated  so  that  readings  to  "nri<nr  inch  can  be  obtained  directly. 

Calculate  from  the  supposed  coeflScients  of  the  material  the 
probable  load  at  elastic  limit.  Take  one-tenth  of  this  as  the  in- 
crement of  load.  The  Committee  on  Standard  Tests,  American 
Society  of  Mechanical  Engineers,  recommend  that  the  increment 
be  one-half  or  one-third  that  of  the  probable  load  at  the  elastic  limit, 
thus  giving  larger  strains  but  fewer  observations.  Apply  one  in- 
crement of  load  to  the  specimen  before  measurements  of  elonga- 
tion are  made,  since  by  loading  specimens  up  to  looo  or  2000  pounds 
per  square  inch  the  effect  of  initial  errors,  such  as  occur  generally 
at  the  commencement  of  each  test,  are  lessened.  The  auxiliary 
apparatus  adjusts  itself  somewhat  during  this  period  of  loading,  and 
the  specimen  assimies  a  true  position  should  any  slight  irregularity 
exist.  After  passing  the  elastic  limit,  which  will  be  indicated  by  the 
jump  b  stretch  as  shown  by  the  extensometer,  the  test  is  run  by  apply- 
wig  the  stress  continuously  and  uniformly  without  intermission  until 
the  instant  of  rupture,  only  stopping  at  intervals  long  enough  to 
niake  the  desired  observations  of  stretch  and  change  of  shape.  The 
stress  should  at  no  time  be  decreased  and  reapplied  in  a  standard 
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test,  but  should  be  maintained  contmuousiy.  The  auxiliary  appara- 
tus for  measuring  strain  must  be  removed  before  rupture  takes 
place,  except  it  h  of  a  character  not  likely  lo  be  injured.  It  should 
usually  be  taken  off  very  soon  after  tlie  elastic  limh  is  passed; 
although  for  duciile  material  it  may  be  left  in  place  for  a  longer  time 
after  the  elastic  limit  has  been  passed  than  for  hard  and  brillle 
materials.  After  the  removal  of  the  extensometer  the  stretched 
length  of  the  test  section  may  be  measured  with  dividers.  The 
material  is  to  be  loaded  until  fracture  lakes  place,  keeping  the  beam 
fioating,  after  which  the  distortion  for  each  part  is  to  be  measured  by 
comparison  with  the  reference  divisions  on  the  test-piece,  measured 
from  the  point  of  rupture  as  p^e^■iously  explained.  It  is  to  be  noted 
that  measurements  within  the  elastic  limit  are  of  especiaJ  impor- 
tance, since  materi;ds  in  use  are  not  to  be  strained  beyond  that  point. 

Remove  the  fractured  piece  from  the  machine;  make  measure- 
ments of  shape,  external  and  fractured  surface;  give  time  required     I 
in  making  the  test.* 

In  recording  the  results  of  tests,  loads  at  elastic  limit,  at  yidd-. 
point,  maximum,  and  instant  of  rupture  are  all  to  be  noted. 

The  bad  at  elastic  limit  is  to  be  that  stress  which  produces* 
change  in  the  rate  of  stretch. 

The  load  at  yidd-point  is  to  be  that  ^ress  under  which  the  rated 
stretch  suddenly  increases  rapidly. 

The  maxiruum  load  is  to  be  the  highest  load  carried  by  the  lest- 
piece. 

The  load  ;tt  instant  of  rupture  is  often  not  the  maximum  load, 
but  a  lesser  luid  carried  by  the  ;^»ecimen  at  the  instant  of  rupture. 

In  giving  results  of  tests  it  fe  not  necessar>-  to  give  the  load  per  unit 
section  of  reduceii  area,  as  such  figure  is  of  no  value:  (i)  becauseilis 
not  always  possible  to  obtain  the  load  at  instant  of  rupture;  (»J 
because  it  is  generally  impossible  to  obiam  a  correct  measurement' 
the  area  of  section  after  rupture;  (3)  lastly,  because  the  amou~' 
reiiuction  of  area  may  be  dt-penfient  upon  local  and  accidents 
ditions  at  the  point  of  rupture.  The  modulus  or  coeffici 
elasiieilv  is  to  be  deduced  from  measurements  of  defoimat 
str\ eil  between  lixed  increments  of  load  per  unit  section;  as b 
*  Sot  Report  of  Cummillee  on  Standard  Tests,  Vol.  XI.,  Am.  Society  Medi.  1 
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2cxx>  pounds  per  square  inch  and  12,000  pounds  per  square  inch;  or 
between  1000  pounds  per  square  inch  and  11,000  pounds  per  square 
inch.  With  this  precaution  several  sources  of  error  are  avoided, 
and  it  becomes  possible  to  compare  results  on  the  same  basis. 

The  character  of  the  fracture  often  affords  important  information 
regarding  the  material.  The  structure  of  the  fractured  surface 
should  be  described  as  coarse  or  fine,  either  fibrous,  granular,  or 
crystalline.  Its  form,  whether  plane,  convex,  or  concave,  cup- 
shaped  above  or  below,  should  in  each  case  be  stated.  Its  location 
should  be  accurately  given,  from  marks  on  the  specimen  one-half  inch 
or  less  apart.  The  reduction  of  diameter  which  accompanies  fracture 
should  be  accurately  measured.  Accompanying  the  report  should 
be  a  sketch  of  the  fractured  specimen. 

Fracture  occurs  usually  as  the  result  of  a  gradual  yielding  of  the 
particles  of  the  specimen.  The  strain,  so  long  as  the  stress  is  less 
than  the  maximum  load,  is  distributed  nearly  uniformly  over  the 
specimen,  but  after  that  point  is  passed  the  distortion  becomes  nearly 
local;  a  rapid  elongation  with  a  corresponding  reduction  in  section  is 
manifest  as  affecting  a  small  portion  of  the  specimen  only.  This 
action  in  materials  with  sensible  ductility  takes  place  some  little 
time  before  rupture;  in  very  rigid  materials  it  cannot  be  perceived  at 
all.     This  peculiar  change  in  form  is  spoken  of  as  *' necking." 
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Fig.  io8. 
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The  drawing,  Fig.  io8,  shows  the  appearance  of  a  test-specimen  in 
which  the  "necking"  is  well  developed.  Rupture  occurs  at  b — b, 
a  point  in  the  neck  which  may  be  near  one  end  of  the  specimen. 

In  order  to  measure  the  elongation  of  the  specimen  fairly,  a  cor- 
rection should  be  applied,  so  that  the  reduced  elongation  shall  be 
the  same  as  though  the  stretch  either  side  of  the  point  of  rupture 
were  equal.  This  can  only  be  done  by  dividing  up  the  original 
specimen  into  equal  spaces,  each  of  which  is  marked  so  that  it 
can  be  identified  after  rupture. 
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Suppose  that  twenty  spaces  represent  the  full  length  between 
gauge-marks:  then  if  the  rupture  be  at  b — b,  nearest  die  mark o,  Fig: 
io8,  three  spaces  to  the  left  of  the  nearest  gauge-maiiCy  the  total  lengdi 
to  compare  with  the  original  length  should  be  o  to  3  on  the  right, 
plus  o  to  10  on  the  left,  plus  the  distance  3  to  10  on  the  lefL  These 
spaces  are  to  be  measured,  and  the  sum  taken  as  the  total  length  after 
rupture.  The  stretch  is  the  diflFerence  between  this  and  the  original 
length ;  the  per  cent  of  stretch,  or  dongation,  is  the  stretch  divided 
by  the  original  length. 

Report  of  Tension-tests.  — In  the  report  describe  the  testing- 
machine  and  method  of  testing,  the  form  and  dimensions  of  the 
specimen,  the  character  and  position  of  rupture.  Make  a  sketch  of 
the  break.  Submit  a  complete  log  of  test  (see  blank  form  below). 
Calcidate  strength  at  elastic  limit,  maximum  strength,  and  breaking 
strength,  and  moduli  of  elasticity  and  resilience.  Plot  a  stress-defor- 
mation diagram  on  squared  paper.  Two  scales  for  deformatioii 
should  be  used,  one  such  that  the  elastic  line  shall  have  a  slope  of 
about  45^  actual  on  the  paper  and  the  other  such  as  to  show  the 
whole  test.  Both  abscissa  scalings  should  use  the  same  scaling  of 
ordinates. 

The  following  form  is  used  in  Sibley  College,  Cornell  University, 
for  both  tension-  and  compression-tests: 


MECHANICAL  LABORATORY— SIBLEY  COLLEGE.  CORNELL 

UNIVERSITY. 
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riginal  Length in.,  Diameter in.,  Area sq.  in 

nal  "      "  "        "      "    ** 

ym  of  Section Fracture,  Position ,  Character 

[odulus  of  resilience 

oadpersq.  inch,  l^asticlimit Max. ,  Breaking 

4mvalent  elonga^n  for  8  inches inches.    Ductility .per  cent. 

leduction  area per  cent.     Local  elongation  each  half  inch,  from  top, 

St 2d 3d 4th 5^^ ^^ 7^^ ^^ 

th loth iith lath 13th 14th 15th i6th 

70.  Compression  Testing. — Farm  of  Tes^ pieces. — Test-pieces  are 
n  all  cases  to  be  prepared  with  the  greatest  care,  to  make  siire  that  the 
end  surfaces  are  true  parallel  planes  normal  to  the  axis  of  the  specimen. 

1.  Short  Specimens.  —  The  standard  test-specimens  for  metals 
are  to  be  cylinders  2  inches  in  length  and  i  inch  in  diameter,  when 
ultimate  resistance  alone  is  to  be  determined. 

2.  Long  Specimens. — For  all  other  purposes,  especially  when 
the  elastic  resistances  are  to  be  ascertained,  specimens  i  inch  in 
diameter  and  10  or  20  inches  long  are  to  be  used  in  the  case  of  metal 
testing.  Standard  length  on  which  deformation  is  to  be  measured  is 
to  be  8  inches,  as  in  the  tension-tests.  Greatest  care  must  be  taken 
in  all  cases  to  insure  square  ends  and  that  thd  force  be  applied  axially. 

The  specimens  are  to  be  marked  and  the  compression  measiired 
as  explained  for  tension-test  pieces. 

71.  Directions  for  Compression-tests. — i.  Short  Pieces. — In  case 
of  short  pieces,  measurements  of  deformation  cannot  be  made  on  the 
test-piece  itself,  but  must  be  made  between  points  on  the  heads  of  the 
testing-machine.  It  is  necessary  to  ascertain  and  make  a  correction 
for  the  error  due  to  the  yielding  of  the  parts  of  the  testing-machine. 
This  is  done  as  follows:  Lower  the  moving-head  until  the  steel  com- 
pression-plate presses  on  the  steel  block  on  the  lower  platform  with  a 
force  of  about  500  pounds.  Attach  the  micrometers  to  a  special 
frame,  which  is  supported  by  the  upper  platform,  and  read  to  a  point 
on  the  movable  head.  With  load  at  500  pounds,  read  both  microm- 
eters. Apply  loads  by  increments  of  1000  pounds  up  to  three-fourths 
the  limit  of  the  machine,  taking  corresponding  readings.  Plot  a 
curve  of  loads  and  deflections  with  ordinates  i  long  division  ==  1000 
pounds,  and  abscissae  i  long  division  =  o.ooi  inch.  From  this 
curve  obtain  corrections  for  the  deflections  caused  by  the  loads  used 
^  the  compression-test.  In  making  the  test  calculate  the  increment 
o{  load  as  explained  for  tensile  test.  Article  69.     Conduct  the  experi- 
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ment  in  the  same  manner  as  for  tension,  except  that  the  stress  is 
applied  to  compress  instead  of  to  stretch  the  specimen.  If  the 
material  tested  is  hard  or  brittk,  a:^  in  cast  iron,  care  should  he  takea 
to  protect  the  person  Itom  the  pieces  which  sometimes  fly  at  rupluie. 

Report  and  draw  curves  as  for  tensioDtesis. 

3.  Long  Pitces.  — In  thiscaae  the  extensometers  used  for  tension- 
tests  can  be  connected  directl}-  to  the  specimen,  and  the  measure- 
ments taken  in  substantially  the  same  way,  except  that  the  heads  ol 
the  exiensometer  will  appioach  instead  of  recede  ^m  each  other; 
this  makes  it  necessary  to  rum  Ike  serews  baek  each  lime  after  takiitt, 
a  measurtmemt  a  distance  greater  than  the  compression  caused  bt 
the  increment  of  load.  In  case  lai^e  specimens  are  tested  horizon- 
tally, initial  flexion  is  to  be  avoided  hy  countem-eighting  the  mass 
of  the  test-piece. 

Calculate  the  iocraaoit  (rf  load  as  one-tenth  the  breaking-load 
gix-en  by  Rankine's  (iHinala,  *Vnicle  45,  page  56.  Apply  the  first 
increment  and  take  initial  reading  of  micrometers;  continue  this 
until  after  the  ejastk  Grait  has  been  passed,  after  irhich  remoi-e  the 
ext»t9ometer,  and  af^ity  kiad  until  rupture  takes  [dace.  Protect 
yourself  from  injuir  by  flying  pieces.  Compute  the  breakJDg 
cootficient  C  by  Rankme's  farmula.  and  compare  with  the  value 
usually  assumed. 

Compute  the  Taodutas  ol  elas:icity  by  '  as  in  tbe  tension-tesL 

Xotc  in  the  report  load  al  eUastic  Kmh.  yidd-point,  and  ultimate 
F(^i<4ancc  as  m«ll  as  inacasc  <■:  »<vtioa  ai  vaiioas  points,  and  total 
compression,  are  emulated  as  rvTilaiopd  for  lentaon. 

Submit  a  loAd-deformalxai  ctiu^nun,  and  &dk>ir  the  same  gen- 
eral directions  as  prescribed  in  the  rrfx->n  inr  len^cw-testing. 

72.  Transverse  Ttatisg. — rfrm  t>j  Tesl-Pieias.  —  For  standard 
n-an^i-crsc  tests,  bars  one  inch  s^iuarc  imd  iortj-  inches  long  are  ta 
bf  used.  The  bcarii^  blocts  .->r  supports  to  be  exuahr  thirty-az 
inches  apart,  center  to  centc^  Fnr  sandard  <a  sc^eatioc  tests 
01  i-a<i  iron,  such  bars  are  to  Sc  cm  cut  of  a  otsnne  al  least  two 
inchrs  square  or  two  and  a  cuaitCT  inches  in  diatncier,  so  as  to 
remcw  al]  chillinj:  cfFccl,  For  rootinc  tests,  bars  cast  one  inch 
sqimrr  may  be  used,  but  all  pn-ssible  pTectLUiion?  must  be  taken 
provoni  surfacc-chniint;  and  porosit>-. 


STRENGTH  OF  MATERIALS  —  METHODS  OF  TESTING      1 27 

Test-bars  of  wood  are  to  be  forty  inches  in  length,  and  three 
inches  square  in  section. 

73.  Directions  for  Transverse  Tests.  — Arrange  a  tension-compres- 
sion machine  for  the  transverse  test  by  putting  in  supporting  abut- 
ments and  a  loading  head  in  the  center,  or  use  a  special  transverse- 
testing  machine.  The  test-piece  is  usually  a  prismatic  beam, 
loaded  on  a  three-foot  length,  the  load  being  applied  at  the  center. 
The  data  required  are  loads  and  deflections  at  the  center. 

Sharp  edges  on  all  bearing-pieces  are  to  be  avoided,  and  the  use 
of  rolling  bearings  which  move  accurately  with  the  angular  deflec- 
tions of  the  ends  of  the  bars  is  reconmiended;  otherwise  the  distance 
between  flxed  supports  measured  along  the  axis  of  the  specimen  is 
continually  changing. 

Place  the  test-bar  upon  the  supports,  and  adjust  the  latter  thirty- 
six  inches  apart  between  centers,  and  so  that  the  load  will  be  ap- 
plied exactly  at  the  middle.  Obtain  the  necessary  dimensions,  and 
calculate  the  probable  strength  at  elastic  limit  and  at  rupture  by 
means  of  the  formula  p  =  Pie  -*-  4  /.  (See  Article  44,  page  60.) 
Adjust  the  specimen  in  the  machine  in  a  horizontal  plane,  and 
apply  the  stress  at  the  center,  normal  to  the  axis  of  the  specimen. 

Measure  the  deflections  at  the  center  from  a  fixed  plane  or  base, 
allowing  for  the  settling  of  the  supports,  or  by  a  special  deflect- 
ometer.     (See  Article  65,  page  iii.) 

Balance  the  scale-beam  with  the  test-bar  in  position  and  the 
deflectometer  lying  on  the  platform.  Set  the  poise  for  one  increment 
of  load  and  apply  stress  until  the  beam  tips.  Place  the  poise  at 
zero,  and  balance  by  gradually  removing  the  load.  Place  the 
deflectometer  in  position  on  the  supports,  and  with  the  micrometer 
at  zero  make  contact  and  record  zero-reading  and  zero-load. 

Apply  the  load  in  uniform  increments  equal  to  about  one-tenth 
the  calculated  load  for  the  elastic  limit,  stopping  only  long  enough 
to  measure  the  deflections.  Wrought-iron  is  to  be  strained  only 
until  it  has  a  sensible  permanent  set,  but  cast  iron  and  wood  are 
to  be  tested  to  rupture. 

74.  Report  of  Transverse  Tests. —  In  the  report  describe  the 
machine,  method  of  making  test,  form  of  cross-section,  peculiarities  of 
the  section,  and  make  a  sketch  showing  position  and  form  of  rupture. 
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Submit  a  complete  log  of  the  test  together  with  a  streas-defonnatkm 
curve.    Calculate  the  unit  stresses  and  deformations  by  the  fonno- 
las  given  in  Article  44,  table  i,  page  60. 
The  following  is  a  form  for  data  and  results  of  a  transverse  test; 

MECHANICAL    LABORATORY  —  SIBLEY    COLLEGE.    CORNELL 

UNIVERSITY. 
lag  and  Report  of  Tra$uv&rs»4tsL 

Material from 

Breadth,  h in.    Height^  A, in. 

Length  between  supports,  /, in.    Mas.  Fiber  '^MiiffT,  i^ ii. 

Moment  of  inertia,  /, 

Load  applied  at  center  of  test  length. 

Testing  Machine Oh«e 


Time hrs, 

Date 


mm. 


19 


No 

Load, 
P. 

StroM 

Fiber 
p. 

DeHeetion. 

BelatiTe  Defonna- 

tioBin 

Outer  FIben. 

ModuhitcCflii* 
Iba.ptriq.nut  A 

Reading, 
inchee. 

Total  De- 

flectioii, 

in.,  d. 

Calculated 

Corrected 
for  Zero 
Error, «. 

1 

2 

3 

4 

5 

6 

7 

8 

«•••••••••••••«  ••••••• 

9 

10 

9 

11 

- 

12 

13 

* 

14 

16 

16 

•  •.*•>  ..••••••••.•••■ 

17 

•  •••••  ...••.•••••»••• 

18 

•  •••...•••  •••••.».••*■ 

19 

...jj... 

1 

- — 

Actual 
Load, 

ItM. 

Defleo-  « 
tion,     ' 
inches. 

Hress  per  bo.  in. 
in  Onter  Fiber. 

RelatiTc  I>ef orm* 

ation  in  Outer 

FIbor. 

OreatcetVcrtieiltf-: 
HbriaootalSlMtf    ^ 

8lraM,Ibt.p«i|^ 

liBaailciJinh 

•••••••••••...*•*•**** 
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^lodulus  of  Elasticity,  E, lbs.  per  aq.  in.    Modulus  of  Resilience, 

7, in.  lbs.  per  cu.  in. 

*  —  c*  +  zero  correction. 
E  »  •=^  •    C^  ->  i.  p.  t  at  elastic  limit  (at  break  for  brittle  materials) . 


Formulas  (for 
oentral  loading): 

These  formulas  are 
tzw  only  bx  das- 
tic  action  of  the 

Dutaial. 


75.  Torsion  Testing.  —  Form  of  Test-pieces.  —  For  standard 
tests,  cylindrical  specimens  with  cylindrical  concentric  shoulders 
are  to  be  used;  the  two  are  connected  by  large  fillets.  The  speci- 
men is  to  be  held  in  the  heads  of  the  machine  by  three  keys,  inserted 
m  key-ways  \  inch  deep,  cut  in  the  shoulder,  In  conmiercial 
testing  the  ends  of  the  specimen  are  usually  held  in  self-centering 
jaw-chucks  on  the  heads  of  the  testing-machine. 

76.  Directions  for  Torsion-Tests.  —  i.  With  Olsen  or  RiehU  Ma- 
chines, —  The  general  method  of  test  is  like  that  of  the  transverse 
test,  as  to  choice  of  increment  of  load,  etc.  For  measuring  elastic 
deformations  arms  are  attached  to  the  piece  as  described  in  Article 
59,  page  93.  For  measuring  the  deformation  at  the  break  there 
should  be  scribed  on  the  piece  before  loading  a  line  parallel  to  the 
axis.  After  the  break  the  distance  along  the  piece  in  which  this 
line  makes  one  or  more  complete  turns  can  easUy  be  measured,  and 
by  proportion  the  number  of  turns,  or  angle  of  twist,  in  the  test- 
length  can  then  be  computed.  The  final  dimensions  of  the  test- 
section  should  be  taken. 

The  report  should  describe  the  test-piece  and  testing-machine, 
Diethod  of  test,  and  action  of  the  material  under  stress.  Note 
position  and  character  of  fracture.  Calculate  the  unit  stress  and 
deformation  in  the  outer  fiber.  Submit  a  log  of  test  (see  form 
heW)  and  a  curve  showing  the  variation  of  unit  stress  against 
iniit  deformation,  similar  to  the  tension-test.  Calculate  the  mod- 
^  of  elasticity  and  resilience  in  shear.  The  following  is  a  form 
for  reporting  a  torsion-test: 
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Ltg  amJ  Seftrt  af  Ttriiam-UtL 

aurial -  Flam , „ 

LuitctET,  i, '  -in.     Mux.  Fiber  diMam,  r,       in. 


A  ncle  of  TdtvUkl 


P«"S-la.  M  »attwo 


odulus  of  Rigiditv.  £■,  kverBsc. . .  . . . 

in-  Ibs-VfCU-'n- 

Within  or  ncKr  elastic  U 


F  —^^ 


Modulus  of  Re^Om 

load  (biuk) 
f™  -  modulus  of  niplurc  =  _  .  U_ ' 

qt  —  true  shear  stress  in  snitaa 
ductile  niAteritils,  —  (j„  —  ii^ 
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2.  With  Thurston  Autographic  Machine.  —  Special  test-pieces 
are  used,  generally  with  a  test  section  about  f  inch  diameter  and 
2  inches  or  less  long,  with  the  ends  of  the  piece  square  to  hold  in 
the  wedges.  The  pieces  are  generally  turned  from  square  stock  of 
size  somewhat  greater  than  the  desired  diameter  of  test  section. 

Determine  first  the  maximum  moment  of  the  pendulum.  This 
may  be  done  by  swinging  the  pendulum  so  that  its  center-line  is 
horizontal,  supporting  it  on  platform-scales  and  taking  the  weight 
and  the  distance  of  the  point  of  support  from  the  center  of  suspen- 
sion of  the  pendulum.  The  product  of  these  two  quantities  is  the 
maximum  moment  of  the  pendulum.  Make  three  determinations, 
using  different  lever-arms,  and  take  the  mean  for  the  true  moment 
of  the  pendulum.  A  correction  for  the  friction  of  the  journal  of 
the  pendulum  must  be  made.  When  hanging  vertically,  measure 
with  a  spring-balance,  inserted  in  the  eye  near  the  bob,  the  force 
necessary  to  start  the  penduliun.  Add  this  moment  to  that  obtained 
above,  and  the  result  is  the  total  maximum  moment  of  the  pendu- 
lum. From  this  the  value  of  the  moment  for  any  angular  position 
may  be  calculated. 

Note  the  variation  of  position  of  the  pencil-point  between  the 
vertical  and  the  horizontal  positions  of  the  pendulum.  This  distance 
laid  down  on  the  F-axis  of  the  record-sheet  corresponds  to  the  max- 
imum moment  obtained  above,  whence  calculate  the  value  of  one 
iiKh  of  ordinate.  Calculate  the  length  corresponding  to  one  degree 
on  the  surface  of  the  paper  drum,  parallel  to  the  X-axis.  This  will 
^  the  unit  to  be  used  in  calculating  the  angle  of  torsion.  Fix  the 
paper  on  the  drum  and  draw  the  datum-line  or  X-axis.  Insert 
the  test-piece  between  the  centers  and  screw  in  the  center  until  the 
neck  of  the  test-piece  is  about  midway  between  the  jaws.  Wedge 
the  test-piece  between  the  jaws  as  firmly  as  possible  by  hand,  and 
then  tap  the  wedges  slightly  with  a  copper  hammer.  Throw  the 
^orm  into  gear  and  turn  the  handle  slowly  and  steadily  until  rup- 
ture occurs,  unless  set-lines  are  taken.  Take  the  record  of  all  the 
test-pieces  on  the  same  sheet  with  the  same  origin  of  co-ordinates. 
The  diagram  is  drawn  by  attachment  to  the  working  parts  of 
the  frame,  and  consequently  any  yielding  of  the  frame  or  slipping 
of  the  jaws   appears  on  the  diagram  as  a  strain  or  yield   of  the 
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specimen.    The  angular  dcfonnaiion  a,  as  obtained  from  the  dU- 
grant,  i^  likely  to  be  too  great,  especially  within  ibe  elastic  limit. 

The  charfu.' I  eristic  form  of  diagram  given  by  the  torsion-machine 
is  shown  in  Fig.  109,  in  which  the  results  of  tests  of  several  roaceriak 
are  shown.  In  ihesc  diagrams  the  ordinaies  are  moments  of  toraoi 
(i/),  iKc  absrissK  are  dev^pmeots  of  the  angte  of  toi^n  (a). 
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:e  the  tripping  device  or  "dog"  for  a  fall  of  two  inches.  Catch 
bob  at  this  point,  and  trip  at  every  notch  above  successively 
11  the  bar  breaks.  Note  the  maximiun  height  of  fall.  Report 
the  experiment  the  behavior  of  the  test-bar  and  character  of  its 
:ture,  and  the  number  of  impacts  and  the  force  in  inch-pounds 
the  last  blow.  Compute  the  resilience  of  the  test-piece.  Try  a 
lilar  bar  at  same  ultimate  fall,  and  observe  the  niunber  of  blows 
uired  to  break  it.  Draw  conclusions.  Write  complete  report, 
1  give  moduli  and  coefficients. 

'9.  Drop-tests.  —  Drop-tests  are  a  form  of  impact  test  used  on 
iway  materials,  as  car  wheels,  axles,  etc.  The  specification  calls 
the  taking  without  rupture  of  a  certam  nimiber  of  blows  from  a 
tain  height.  The  following  method  of  making  drop-tests  has 
n  recommended  by  the  Committee  on  Standard  Methods  of 
sting  appointed  by  the  American  Society  of  Mechanical  Engi- 
:rs,  and  is  substantially  the  same  as  adopted  by  the  German 
gineers  at  Mimich  in  i888: 

Orop-Usis  are  to  be  made  on  a  standard  drop,  which  is  to  embody 
following  essential  points: 

f.  Each  drop-test  apparatus  must  be  standardized. 
K  The  "  ball "  (falling  nuiss)  shall  weigh  looo  or  1500  pouiids;  the 
aller  is,  however,  preferable. 

',  The  "ball"  may  be  made  of  cast  iron,  cast  or  wrought  steel; 
:  shape  is  to  be  such  that  its  center  of  gravity  be  as  low  as 
ssible. 

I  The  striking-block  is  to  be  made  of  forged  steel,  and  is  to  be 
ured  to  the  "ball"  by  dovetail  and  wedges  in  a  rigid  manner,  and 
that  the  striking-face  is  placed  strictly  symmetrical  about  and 
•mal  to  its  vertical  axis  passing  through  the  center  of  gravity, 
xial  permanent  marks  are  to  indicate  the  correctness  of  the  face 
these  respects. 

jpecial  marks  should  be  made  to  indicate  the  center  of  the  anvil- 
ck. 

.  The  length  of  guides  on  the  ball  should  be  more  than  twice  the 
Ith  between  the  guides,  which  are  to  be  made  of  metal;  i.e.,  rails 
placed  that  the  ball  has  but  a  minimum  amount  of  play  between 
m.    Graphite  is  recommended  as  lubricant. 
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/.  The  detachment  or  shears  must  not  cause  the  ball  to  oscillate 
between  the  guides,  and  must  be  readily  and  freely  controllable^ 
with  the  point  of  suspension  truly  above  the  center  of  gravity  of  the 
ball;  and  a  short  movable  link,  chain,  or  rope  is  to  be  fixed  between 
the  ball  and  shears  or  detachment. 

g.  When  a  constant  height  of  drop  is  used,  an  automatic  detach- 
ing device  is  reconmiended. 

h.  The  bearings  for  the  test-piece  are  to  be  rigidly  attached  to  the 
scaffold  or  frame,  and  they  should  be,  wherever  possible,  in  one 
piece  with  it. 

i.  The  weight  of  frame,  bearings,  and  anvil-block  should  be  at 
least  ten  times  that  of  the  ball. 

/.  The  foundation  should  be  inelastic,  and  consist  of  masonry, 
the  dimensions  of  which  are  to  be  determined  by  the  locality  and 
subsoil. 

k.  The  surface  struck  should  always  be  accurately  level;  therefore 
proper  shoes  or  bearing-blocks  are  to  be  provided  for  testing  rails, 
axles,  tires,  springs,  etc.,  etc.,  to  insure  a  proper  level  upper  surface; 
these  blocks  are  to  be  as  light  as  possible. 

The  exact  shape  of  these  bearing-blocks  is  to  be  given  in  each 
test  report. 

/.  The  gallows  or  frame  should  be  truly  vertical  and  the  guides 
accurately  parallel. 

m.  The  height  of  fall  of  ball  should  be  20  feet  clear,  between 
striking  and  struck  surfaces. 

w.  Drops  which  by  friction  of  ball  on  guides  absorb  two  per  cent 
of  the  work  due  to  impact  are  to  be  discarded. 

0.  For  tests  on  large  specimens  a  ball  weighing  2000  pounds  is  to 

be  used. 

p.  A  sliding-scale  is  to  be  attached  to  the  frame,  and  in  such  a 
manner  that  the  zero-mark  can  always  be  placed  on  a  level  with  the 
lop  of  the  test-piece. 

80.  Minor  Tests :  The  Wdding-tesL  —  The  welding  is  to  be  done 
with  a  hammer  weighing  eight  to  ten  poimds,  with  a  given  number  of 
blows.  The  weld  is  to  be  a  simple  scarf  weld,  made  in  a  coke  or  gas 
flame  without  fluxes.  Each  bar  to  be  tested  is  to  be  treated  in  the 
same  way,  using  in  each  case  two  or  three  samples  of  iron;  one  weU 
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is  to  be  tested  on  the  tension-machine,  the  otlier  to  be  nicked  to  the 
depth  of  the  weld  and  then  bent  or  broken,  to  show  the  character 
of  the  welded  surfaces. 

The  Bending'tesL  — This  aflFords  a  ready  means  of  finding  the 
ductility  of  metals.  The  test-piece  is  to  be  bent,  about  a  stud 
having  a  diameter  twice  that  of  the  specimen.  The  piece  is  to  be 
bent  with  a  lever,  and  no  pounding  is  permitted.  If  the  plate  hold- 
ing the  stud  is  graduated,  the  angular  deflection  at  time  of  perma- 
nent set  may  be  read  at  once.  A  modification  of  the  bending-test 
is  often  used  to  determine  the  property  of  toughness,  by  bending 
the  specimen,  first  hot  and  then  cold,  until  it  is  doubled  over  on 
itself. 

The  Drijting-tesU  — This  tests  the  softness  and  ductility  of 
metals.  It  is  made  by  driving  a  "drift,"  a  tapered  steel  punch, 
so  as  to  enlarge  a  hole  drilled  in  a  plate.  The  measurement  is  in 
the  amount  of  enlargement  of  the  hole  before  the  edges  crack  and 
tear. 

The  Punching-lest. — Find  the  least  material  that  will  stand  be- 
tween the  edge  of  the  plate  and  the  hole  punched,  by  measurement. 

The  Forging'tesL  — The  material  is  brought  to  a  red  heat  and 
hammered  until  cracks  begin  to  show,  the  relative  amount  of 
flattening  indicating  the  red-shortness  of  the  material.  Useful 
principally  with  rivet-rods. 

The  Hamfner-4esL  —  This  is  made  with  a  light  hammer,  and 
the  character  of  the  material  is  determined  by  the  sound  emitted. 
Is  useful  in  locating  defects  in  finished  products,  but  of  little  value 
on  test-specimens. 

The  Hardening-test  is  made  by  heating  a  specimen  to  cherry- 
red  heat  and  plimging  it  in  water  having  a  temperature  of  32  to 
40  degrees.  The  specimen  so  treated  is  tested  by  bending  or 
torsion,  the  same  as  an  unhardened  specimen.  Used  for  boiler 
plate  and  similar  materials  to  find  whether  the  carbon  content  is 
too  high. 

The  Abrasion-tesi.  — Find  the  amount  of  wear  from  a  given 
amount  of  work.  For  testing  paving-brick  and  similar  material 
special  abrasion-testing  machines  have  been  devised,  and  the  test 
is  standardized.     These  machines  are  of  barrel  form.     A  charge  is 
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put  in  consisting  of  a  certain  number  of  brick  and  of  hard  cast-troa 
cubes  of  i-inch  or  3-inch  face.  The  charged  barrel  is  rotated  t 
certain  number  of  times  at  a  certain  speed,  such  that  its  contents 
get  a  thorough  miidng  and  shaking.  The  measurement  is  in  per- 
centage of  weight  lost  by  the  brick. 

Abrasion-tests  of  metals,  generaJly  bearing  metals,  are  made  by 
holding  a  block  of  the  metal  against  a  hardened  steel  wheel  of 
large  diameter,  using  a  certwn  pressure  between  the  block  and  the 
wheel,  running  the  wheel  a  definite  number  of  revolutions,  and 
measuring  the  loss  of  weight  or  thickness  of  the  block  tested. 

The  Hardness -test.  — The  "hardness"  of  a  material  is  usually 
understood  as  a  relative  properly,  having  reference  to  the  ability 
of  one  material  to  cut  another.  Hardness  is  a  composite  property, 
depending  partly  on  density  and  on  tensile  and  shear  strengths, 
Hence  the  machines  devised  to  measure  hardness  are  also  strength- 
measuring  devices.  Two  types  of  hardness- testers  are  likely  to 
be  met  with  by  the  engineer,  the  pressure  and  the  impact  l\-pts, 
represented  respectively  by  the  Brincll  ball-tester  and  the  Shore 
"  Scleroscope. " 

I.    Th€  BrineU  Ball-testers.  —For  the  Brinell  ball-tester  a  flat 
of  an  inch  or  so  in  diameter   is   prepared  on  the   surface  of  the 
material  to  be  tested.     Then  a  hard  steel  ball,  usually  five-eighths 
of  an  inch  in  diameter,  is  pressed  into  the  material  with  a  certain  load. 
The  depth  or  diameter  of  the  impression  made  in  the  material  is 
then  measured  with  a  special  micrometer.     From  this,   the  bad 
used,  and  the  size  of  the  ball  used,  the  "hardness"  is  computed. 
These  same  data  have  been  found  to  be  so  intimately  connected 
with  the  ultimate  strength  of  the  material  that  this  quantity  also 
can   be  computed   with  good   accuracy   from   the   ball-test.      The 
close   connection   with   the   ultimate   strength   can   be   understood 
when  one  considers  that  to  displace  ihc  material  and  make  the 
permanent  impression  which  is  measured   the  material  must  ' 
been  stressed  considerably  beyond   its  yield-point.     The   bal 
thus  gains  unexpected  importance,  for  it  becomes  a  field-test  c 
strength  of  materials   (steels  and  iron),  which  can  be  appli 
uiy  time,  without  appreciable  injury  to  the  material  or  takin); 
.terial  out  of  its  place  in  a  structure. 
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2.  The  Scleroscope. — The  Shore  "Scleroscope"  drops  onto 
a  small  flat  surfax:e  of  the  material  to  be  tested  a  tiny  diamond- 
pointed  steel  hammer.  If  the  material  were  perfectly  elastic  and 
no  work  were  done  on  it  (perfect  hardness),  the  hammer  would 
rebound  to  the  height  from  which  it  fell.  If  some  of  the  energy 
of  the  hammer  is  used  up  in  doing  work  on  the  material  tested, 
making  an  impression  in  the  material,  then  the  rebound  of  the 
hammer  is  not  complete.  The  softer  the  material,  the  less  is  the 
rebound.  Hence  the  ratio  of  height  of  fall  to  height  of  rebound  of 
the  hanuner  measures  the  hardness  of  the  material.  On  account  of 
the  rapidity  of  the  blow  and  the  smallness  of  the  area  of  material 
affected,  the  strength  with  which  the  material  resists  deformation 
by  the  scleroscope  hammer  is  the  elastic  strength  of  the  material. 
On  brittle  materials,  where  the  elastic  strengths  and  ultimate 
^  strengths  are  close  together,  the  two  types  of  hardness-testers  will 
give  parallel  results.  On  ductile  materials  the  ball-tester  seems  to 
get  nearer  to  the  cutting  hardness.  The  impact  type  of  testers 
will  show  a  "hardness"  more  than  proportionate  to  the  cutting 
hardness  on  cold-worked  metals,  on  account  of  the  elevation  of  the 
dastic  strength  by  cold  working. 

The  Fatigue-test.  — Fatigue-tests  are  made  to  determine  the 
Rsistance  of  materials  to  repeatedly  applied  loads,  either  with  or 
without  reversal  of  stress.  No  commercially  satisfactory  fatigue- 
test  has  yet  been  devised.  It  is  well  established  that  failure  will 
occur  under  repeated  loads  of  much  less  intensity  than  is  needed 
fofculure  imder  single  loading.  This  is  due  to  (i)  the  time  factor 
in  shear  failure,  so  that  the  material  tested  in  an  ordinary  "  single- 
bading"  tensile  test  does  not  break  down  at  the  yield-point  at  as 
bw  a  stress  as  it  should;  (2)  the  nonhomogeneity  of  nature  of  the 
metals,  being  diflferent  in  properties  in  adjacent  crystals  of  their 
aake-up,  and  the  repeated  loadings  searching  out  the  weak  spots 
as  a  single  loading  cannot. 

It  is  proper  to  note  here  that  rest,  or  removal  of  stressing,  for  a 
time  may  restore  strength  and  elasticity  to  a  material  beginning  to 
be  fatigued;  a  complete  recovery,  luiless  cracks  have  begun  to 
form,  can  be  brought  about  by  heat  treatment  in  the  case  of 
steels. 
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AitneaUd  Tesl-pieca. 
^  Materisl  whidi  is  to  h  used  n-ithout  aantaiing  or  funber 
tested  in  the  omditioa  in  irtticb  h  amies  from  the  ndl&.    Wben  material  is  u  tx 
annealed  or  otherwise  tieated  before  use,  ifae  spedmcn  repfumiiDg  swh  inlfTttl 
shall  be  simil&tlj  treued  before  te^tiitg. 

5.  Every  finishfH  piece  erf  aeel  shaJl  be  stamped  wfth  the  bfcrw  or  melt  maiiKs, 
and  steel  for  pins  shall  have  the  bl»v  or  melt  aumber  smspnl  on  the  ends.  Rint 
and  ladng  sted,  and  anall  fietxs  for  pin  ^les  and  stiffOTcts,  dut  be  M^ftd  m 
bundles  securely  wired  together,  with  the  blair  or  tadt  Dumber  on  »  aieta!  ng 
attached. 

FiHisk, 

6.  Finished  bars  sfaaO  be  free  from  injurious  se&ms,  bwsor  cracks,  aad  ham 
workmanlike  finish. 

Ckemicat  Proptrtia. 
7<i.  Steel  [or  buQdiii^  tnin  sfaedj>  \ 

hi^waj  bridges  toA  smilar  -  Mxnmran  pbaaffacmis,  o.io  per  oM. 

structiires.  ) 

jb.  Steel  for  railway  bridges:  Maxinam  pbospbanis,  ojo8  per  cent. 

Pkytkai  Prvptrtia. 
3.   Structunl  sted  shall  be  of  three  grades;  £m(,  Rnhiay  BnJft  aad  JfattK 


9.    Ultimate  strength,  48,000  pounds  pel  sqaue  & 
than  one-half  the  ultimate  strength. 


Bending-lesl,  180  d 
poctioQ. 

Skdjmttmlmmj  JH^w. 

CO.   Ultimate  strength,  55,000  bfi^peppo^HiipKAqpHttnidi.    ElaSlcB 
aoc  less  than  <»>e-half  the  ult 

Pera;nca)(e  of  elongatiMi,  -jrr 


Bending- test.  tSo  degrees  to  a  <£ameteT  equal  to  thi\'tr""«  of  piece  li 
without  fracture  cm  out^de  of  beoi  portion. 

Vntium  51nf- 

lE.   Ultimate  strength,  60.CV0  to  to.kjo  powrdspersqaaieinch.     EtasticHi 
not  leis  than  one-half  the  ult:ini:c  stTKCgth. 

Percentage  of  rfongation,  „   '-l°o-ooo 

IttiinatlE  strength 
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Modifications  in  Elongation  for  Thin  and  Thick  Material. 

material  less  than  A  inch  and  more  than  J  inch  in  thickness,  the  fol- 
lifications  shall  be  made  in  the  requirements  for  elongation: 
each  increase  of  I  inch  in  thickness  above  }  inch,  a  deduction  of 
shall  be  made  from  the  specified  elongation,  except  that  the  minimum 
shall  be  20  per  cent  for  eye-bar  material  and  18  per  cent  for  other 
naterial. 

^ach  decrease  of  ^  inch  in  thickness  below  ^  inch,  a  deduction  of  a) 
lall  be  made  from  the  specified  elongation. 

>unds  of  i  inch  or  less  in  diameter,  the  elongation  shall  be  measured  in  a 
al  to  eight  times  the  diameter  of  section  tested. 

pins  made  from  any  of  the  before-mentioned  grades  of  steel,  the  required 
shall  be  5  per  cent  less  than  that  specified  for  each  grade,  as  determined 
iece,  the  center  of  which  shall  be  one  inch  from  the  surface  of  the  bar. 

Variation  in  Weight, 

e  variation  in  cross-section  or  weight  of  more  than  2  J  per  cent  from  that 

ill  be  sufficient  cause  for  rejection,  except  in  the  case  of  sheared  plates, 

be  covered  by  the  following  permissible  variations: 

es  i2i  pounds  per  square  foot  or  heavier,  up  to  100  inches  wide,  when 

weight,  shall  not  average  more  than  2}  per  cent  variation  above  or 

t  below  the  theoretical  weight.    When  100  inches  wide  and  over,  5  per 

or  5  per  cent  below  the  theoretical  weight. 

;s  under  12}  pounds  per  square  foot,  when  ordered  to  weight,  shall  not 
greater  variation  than  the  following: 

inches  w^ide,  2}  per  cent  above  or  2  J  per  cent  below  the  theoretical  weight, 
e  inches  wide  up  to  100  inches  wide,  5  per  cent  above  or  3  per  cent 
Lheoretical  weight.  When  100  inches  wide  and  over,  10  per  cent  above 
nt  below  the  theoretical  weight. 

2.  Structural  Cast  Iron. 

pt  when  chilled  iron  is  specified,  all  castings  shall  be  tough  gray  iron, 
mjurious  cold-shuts  or  blow-holes,  true  to  pattern,  and  of  a  workmanlike 
mple  pieces,  one  inch  square,  cast  from  the  same  heat  of  metal  m  sand 
all  be  capable  of  sustaining  on  a  dear  span  of  4  feet  8  inches  a  central 
)  pounds  when  tested  in  the  rough  bar. 

3.  Special  Opzn-hearth  Plate  and  Ri\t:t  Steel. 

Testing  and  Inspection. 

tests  and  inspections  shall  be  made  at  the  place  of  manufacture  prior 

It. 

Test-pieces. 

tensile  strength,  limit  of  elasticity  and  ductility,  shall  be  determined 
indard  test-piece  cut  from  the  finished  material.    The  standard  shape 
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of  the  test-piece  uir  sintxnd  piates  shall  be  as  shown  bf  die  snOowxiii^  atcetx^  ie* 
Fig,  iiii: 

On  iptdmeoB  cut  from  other  material  the  teat-piece  maj  be  n'lln  die  ame 
as  for  iheaied  plates,  or  it  may  be  planed  or  turned  piailri  thnm^boiit  as  ^^wniy 
length,  and,  in  all  cases  where  possible,  two  opposite  adea  of  the  cest-piecE  i&ail 
be  rolled  iurfaces.  The  elongation  shall  be  measured  on  an  originai  kngdi  'it  3 
inches,  except  as  modified  in  section  12,  paragraph  c.  Rivet  roonds  and  small  bia 
shall  be  tefied  of  fuE  size  as  roiled. 

Four  test-pieces  shall  be  taken  6rom  each  meit  of  finiy^hrd  mairriai,  cvo  ir 
tension  and  two  for  bending;  but  in  case  either  teat  develops  fbws,  or  dbe  oen^ 
test-piece  breaks  outside  of  the  middle  third  of  its  gauged  Imgrh,  it  mav  be  (5s- 
carded  and  another  test-piece  snbstimted  therefor. 

AmteaJed  Test-^ieca. 

3.  Material  which  is  to  be  used  without  annraling  or  furthrr  tw— twnmr  sfaaJI  be 
tested  in  the  condition  in  which  it  comes  horn  the  rolls.  When  material  is  to  be 
annealed  or  odierwiae  treated  before  use,  the  spedmea  repieaentiDg  sndi  mattral 
shall  be  similarly  treated  before  testing. 

Marking, 

4.  Every  finished  piece  of  steel  shall  be  stamped  with  the  mdt  xnmiber.    Riict 

steel  may  be  shipped  in  bimdles  securely  wired  together,  with  the  mek  nmnberoa 

a  metal  tag  attached. 

Fimsk. 

5.  All  plates  shall  be  free  from  injurious  surface  defects  and  have  a  MiMkiiMnfifcy 

finish. 

Chemical    Properties. 

fM.    Fl  hnl       f    I  S  ^^^^^^^^"^  phosphorus,  o.c36  per  cenL 

'  Maximum  sulphur,  0.04  per  cent. 

.,    «_.         r^      J  £     u        *    I        \  Maximum  phosphorus,  0.04  per  cent 
Ny.  Extra-soft  and  tire-box  steel.       \  ^^     .  .  .  t     -^r- 

'  Maximum  sulphur,  0.04  per  cenL 

Physical  ProperUes. 

7  5ipedal  Open-hearth  Plate  and  Rivet  Steel  shall  be  of  three  grades  :  Extn- 
lofi^  Fire-box  and  flange,  or  Boiler  Steel. 

Extra-soft  Steel. 

^  f.'ltimate  ^trenj^h,  45,000  to  55,000  pounds  per  square  inch.  Elastic  limit, 
nr,f  le^s  than  one-half  the  ultimate  strength.  Elongation,  28  per  cent.  Cold  and 
f\nt:nc.h  Ytcnd^^  r8c  decrees  tlat  on  itself,  without  fracture  on  outside  of  bent  portioiL 

Fire-box  Steel. 

0  r'ltimari^  ^treripjth,  ^2,000  to  62,000  pounds  per  square  inch.  Elastic  Hmit,  DOC 
I^  ^-i  •  han  onr:  half  thr  ultimate  stren^h.  Elongation,  26  per  cent.  Cold  and  quendi 
'^^.r^f\•i,  \^/r,  di^j^^een  flat  on  itself,  without  fracture  on  outside  of  bent  portion. 


No.  8. 

iiodijkaUotK  in  Elongation  /or  Thin  and  Thick  Material. 
r  material  less  than  -ft  inch,  and  more  than  J  inch  in  thickness,  the 
[Dodifications  shall  be  made  in  the  Fequiremenis  for  elongation: 
each  increase  of  i  inch  in  thickness  above  j  inch,  a  deduction  of  i  per 
be  made  from  the  specified  elongation. 

eadi  decrease  of  A  inch  in  thickness  below  ^  inch,  a  deduction  of  aj 
boll  be  made  from  the  specified  eloogation. 

aunds  of  t  inch  or  less  in  diameter,  the  elongation  shall  be  measured  in 
qual  to  dght  times  the  diameter  of  section  tested. 

VariaHon  in  Weigkl. 
le  variation  in  cross-section  or  weight  of  more  than  2)  per  cent  from  that 
rill  be  sufficient  cause  for  rejection,  except  in  the  case  of  sheared  plates, 
1  be  covered  by  the  following  permissible  variations: 
es  13}  pounds  per  square  foot  or  heavier,  up  to  100  inches  wide,  when 
'  weight,  shall  not  average  more  than  3}  per  cent  variation  above  or  3) 
lektw  the  theoretical  weight.  When  100  inches  wide  and  over,  5  per 
^  or  5  per  cent  below  the  theoretical  weight. 

es  under  12I  pounds  per  square  foot,  when  ordered  to  weight,  shall  not 
greater  variation  than  the  following: 

7S  inches  wide,  ai  per  cent  above  or  aj  per  cent  below  the  theoretical 
jeveaty-five  inches  wide  up  to  100  inches  wide,  5  per  cent  above  or 
below  the  theoretical  weight.  When  100  inches  wide  and  over,  10  per 
£  or  3  per  cent  below  the  theoretical  weight. 
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4*  !     1.   -r  Via  I '.I-    -  r.-.  -r^. .:   -.rrir.     I:    nr  :'j-L- "lie  nan'ifacnrer  siaj  "jjciih  and 

'.'-.  f.-:  -..Ml-    .'■  i:  r.  -:.  ".r  :-;r:iiri:e-:  iii:n  Ticziiier  :f  .\-  B.  iL  A.  from  heaa 

*'■-•'  •..  '    :'.         •:    '  i'.<  «i  ".lu.-' :  Ji!  r.n.  .r  tt  i  sin, 3iiLi  =ceeL  having 

■;-.p    H.-f    ,'=     i.-t.   i.v'.    ::rrr...j..  -^:rrr.1:^  l-  -/.c  ir:-:r.T  piariK.  iz-i  =:u5i  icst 

■*.f  «-,'    ..ii!    .'    ::'    :- /  ii.'*  ".   T.  i"  ir.    !  v.:  -.:e  hcaii  in  1  iie;  cv  nickinsand 

^■'..;..  ..    •    >•-..:.:/   -i.-.x    «-  ■  :rrr..-c-:  ■:-  -  ■■:.  v.'j-y.r.z  iev^-.cizX'=LcJL5  or  iiws. 

-;.-.,'/'.#.«'.     •     -.•-     1     -  r     —  '  :  -■-?:•  ^Tre-hally  zubie  for  ±e  purpose 

s.-.-  ...r  ■■■.■■.   ."  :-i»-     .-..-;   ■-.•  -.1    •:  -   .- :.  -rriijr.:.  ir^  frrc  jcilei.  biiiiers. 

1.'..:    ■.■.    .1  ■    .-I     :i--'-.r     -:i  ::  --■--:  • :   r:c  '•  .7.  L:  izternal  hv«L".*&tir:c  d 

,. :  ."■:"-.•■•     -.i.-.r^  -      r  '-j.^!*-- fr:?r:izled  oncafli  tube 

•     .  »■     ;    -      ;:    -     ::-•-::;-     i:j.r::e*:er. 
■    .  .»  •     -■-.-;■-:-:::   r    ^i^eter: 

,  -  i    :■«•        1  -     ■      <       -  —  .   -      - 
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Tests.  —  A  section  cut  from  one  tube  taken  at  random  from  a  lot  of  150  or  less 
lUSt  stand  hammering  down  cold  vertically  without  cracking  or  splitting  when 
own  solid. 

Length  of  test-pieces: 

f  in.  for  tubes  from  i  in.  to  if  in.  diameter. 

I  in.  for  tubes  from  2  in.  to  2}  in.  diameter. 

1}  in.  for  tubes  from  2|  in.  to  3}  in.  diameter. 

1}  in.  for  tubes  from  3}  in.  to  4  in.  diameter. 

if  in.  for  tubes  from  4}  in.  to  5  in.  diameter. 

All  tubes  must  stand  expanding  flange  over  on  tube  plate  and  bending  without 
flaw,  crack,  or  opening  of  the  weld. 

5.  Stay  Bolts  to  be  made  of  iron  or  mild  steel  specially  manufactured  for  the 
purpose,  and  must  show  on: 

Test  Sectiofiy  8  inches  long,  net: 

For  Iron,  tensile  strength  not  less  than  46,000  lbs.;  elastic  limit  not  less  than 
26,000  lbs.;  elongation  not  less  than  22  per  cent  for  bolts  of  less  than  one  (i) 
iquare  inch  area,  nor  less  than  20  per  cent  for  bolts  one  (i)  square  inch  and  more 
in  net  area. 

For  Steel,  tensile  strength  not  less  than  55,000  lbs.;  elastic  limit  not  less  than 
33,000  lbs.;  elongation  not  less  than  25  per  cent  for  bolts  of  less  than  one  (i) 
square  inch  area,  nor  less  than  22  per  cent  for  bolts  one  (i)  square  inch  and  more 
B  net  area. 

Tests.  —  A  bar  taken  from  a  lot  of  1000  lbs.  or  less  at  random,  threaded  with  a 
sharp  die  "V"  thread  with  rounded  edges,  must  bend  cold  180  degrees  around  a 
iar  of  same  diameter,  without  showing  any  crack  or  flaws. 

Another  piece,  similarly  chosen,  and  threaded,  to  be  screwed  into  well-fitting 
luts  formed  of  pieces  of  the  plates  to  be  stayed,  and  riveted  over  so  as  to  form  an 
aact  counterpart  of  the  bolt  in  the  finished  structure;  to  be  pulled  in  testing- 
nachine  and  breaking  stress  noted;  if  it  fails  by  pulling  apart  the  tensile  stress 
5er  square  inch  of  net  section  is  its  measure  of  strength;  if  it  fails  by  shearing  the 
ihcar  stress  per  square  inch  of  mean  section  in  shear  is  this  measure.  The  mean 
section  in  shear  is  the  product  of  half  the  thickness  of  the  plate  by  the  ciramifer- 
aicc  at  half  height  of  thread. 

6.  Braces  and  Stays.  —  Material  to  be  fully  equal  to  stay-bolt  stock,  and  tensile 
strength  to  be  determined  by  testing  a  bar  not  less  than  ten  inches  (10  in.)  long 
from  each  lot  of  1000  lbs.  or  less. 

LLOYD'S  SPECIFICATIOXS  FOR  QU.\LITY  .\XD  TESTING  OF  SHIP 

STEEL  (1907-1908). 

1.  Process  of  Manufacture.  —  Steel  for  shipbuilding  shall  be  made  \}\  the  open- 
hearth  process,  add  or  basic. 

2.  Freedom  from  Defects.  —  The  finished  material  shall  lie  free  fr^m  crack:;,  -jr- 
face  flaws  and  lamination.  It  shall  also  have  a  workmanlike  finish,  and  must  not 
have  been  hammer-dressed. 
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3.  Tes$mgmUImfee$tam.—TWtkikmmf^ttit5VMiknggttkmss^^ 

at  die  place  of  manufactoxe  prior  to  dispatch;  bat,  in  tbt  event  of  anj  of  the 
nateriai  proving  muatL^aoory  in  the  coarae  of  being  worked  mto  veaada,  sod 
material  shaU  be  rejected,  nocwithstuiding  an j  prrfkup  crriifiiair  of  iafiArrnffT 
testing,  and  such  further  tests  of  the  material  from  the  same  charge  maj  be  m«k 
as  the  Surveyor  may  consider  desbabie. 

4.  Tensile  TesPfuces. — The  ensile  strength  and  doctifitj  shaU  be  determbed 
from  standard  test-pieces  cnt  lengthwise  or  oosswise  ftooi  the  coiled  maleraL 
yif\yf>t\  materml  it  a»wfaU<i  ^f  otherwise  tirated  tyrfoft  ifispaachiy  the 
Aafl  be  wnibriy  and  smraltancoasijr  treated  wtth  die  mnlerirf  befcuc 

FUUes,  —  Wherever  practicable  the  roQed  sorfaoes  sfaaE  be  irtaincrf  01  bm 
opposite  aides  of  the  test-pitct.  The  elongation  shafl  be  imawiKd  on  a  stawfarf 
ttsi'pkct  having  a  gauge-length  of  8  inches. 

For  material  more  than  0^75  inch  in  tiucfcness  the  width  of  the  lest-piea 
between  the  gaugt-points  shall  not  exceed  r}  inches;  lor  material  leas  than  ajTS 
inch  thickness  the  width  shall  not  be  more  than  2)  inches.  In  odier  respects  die 
test-pieces  shall  conform  generallj  to  the  standard  test-piece  A  (Fig.  in). 

Any  fltraightening  of  test-pieces  whidi  maj  be  required  shaU  be  done  ookL 
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Fig.    III. 

5.  Mechanical  Tests  and  Selection  of  Test-pieces.  —  Plates  and  bars  for  ship- 
huikling  nhall  aimply  with  the  following  mechanical  testSw  All  test-pieces  shall  be 
^\f.rXf(\  \>y  the  Suneyor  and  tested  in  his  presence  and  he  shall  satisfy  him<«>lf 
that  the  r/^ndilions  herein  described  are  fulfilled. 

6.  Tensile  Tests.  —  Plates.  —  The  tensile  breaking  strength  of  steel  plates, 
(\ett.rm\T\cA  from  standard  test-pieces,  shall  be  between  the  limits  of  28  and  33 
t/>T»^  f'A  2240  fX)und.s  each;  per  square  inch.  For  plates  specially  intended  for 
^/>ld  flanjp'ng  and  marked  for  identification  the  lower  limit  shall  be  26  tons  per 
vjiiarf!  inch.     In  the  case  of  material  for  purposes  in  which  tensile  strength  is  not 
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important,  the  tensfle  test  may  be  dispensed  with  and  the  bend-test  only  be  made, 
if  so  specified  bj  the  bmlders  and  aj^uoved  by  the  Committee.  The  elongpition. 
measured  on  a  standard  lest-piece  having  a  gauge-length  of  8  inches^  shall  not  be 
less  than  20  per  cent  for  material  of  0.375  inch  in  thickness  and  upwards,  and 
not  less  than  16  per  cent  for  material  below  0.375  inch  in  thickness. 

Angles,  Bulb  Angies,  Ckammds,  eic.  —  The  tensile  breaking  strength  of  sectional 
material,  such  as  an^es,  bulb  angles,  channels,  etc.,  shall  be  between  the  limits  of 
28  and  33  tons  (of  2240  pounds  each)  per  square  inch.  In  the  case  of  material 
for  purposes  in  which  tensile  strength  is  not  important,  the  tensile  test  may  be  dis- 
pensed with  and  the  bend-test  only  be  made,  if  so  specified  by  the  builders  and 
approiped  by  the  Committee.  The  elongatfon  measured  on  a  standard  test-piece 
having  a  gauge-length  of  8  inches  shall  not  be  less  than  20  per  cent  for  material  of 
0.375  inch  in  thickness  and  upwards,  and  not  less  than  16  per  cent  for  material 
below  0.375  ^^  ^  thiduiess. 

Rivei  Bars.  —  The  tensile  breaking  strength  of  rivet  bars,  when  required  by  the 
Committee  to  be  tested,  shall  be  between  the  limits  of  25  and  30  tons  (2240  pounds) 
per  square  inch  of  section,  with  an  elongation  of  not  less  than  25  per  cent  of  the 
gauge-length  of  eight  times  the  diameter  of  the  test-piece,  measured  on  the  stand- 
ard test-piece  B  (Fig.  112).    The  bars  may  be  tested  the  full  size  as  rolled. 


GftttseLeocth 

Pandlel  for  a  length  of  no4  leas  than  8  times  diameteiv 


f 

I*— With  enlarged  eiids>>  Parallel  for  a  length  of  not  leas  than  9  times  the  Tednced  diameter ^j 

Fig.   112. 

When  the  Sun'eyor  is  in  constant  attendance  at  the  steel  works  the  following 
requirements  are  to  be  comf>lied  with: 

7.  Number  of  TensUr  Tests.  —  Plains  and  Sectional  Matrruil.  —  One  tensile 
test  for  plates  or  sectional  material  shall  be  taken  from  the  finished  material  of 
each  charge. 

When  the  quantity  of  the  material  from  one  charge  exceeds  25  tons,  a  second 
tensile  test  will  be  required;  also  additional  tests  shall  be  made  for  even'  N-ariaiion 
in  thickness  of  0.15  of  an  inch  in  the  plates  or  sectional  bars  from  each  charge. 

Rwet  Bars.  —  When  required  by  the  Committee,  one  tensile  test  shall  be  taken 
from  each  charge  used  for  rivet  bars;  but  when  the  weight  of  the  bars,  as  rolled. 
from  one  charge  exceeds  10  tons,  an  additional  tensile  test  shall  be  made  for  each 
further  10  tons  or  portion  thereof. 

Should  a  tensile-test  piece  break  outside  the  middle  half  of  its  gauge-length,  and 
the  elongation  be  less  than  that  required  by  the  Rules,  the  test  may,  at  the  make  r"s 
option,  be  discarded  and  another  test  be  made  of  the  same  pJate  or  bar. 
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K   B^md^iests,  —  CM  B^^rnds. —TeXr^teoes  aimil  be 
:zrvBwi.«  oncn  pkues  or  tmr^  and  siail  ooc  be  Icai  dm  li 
flDftil  rMLTS  the  vtuie  lectioii  ma^  be  oserL    For  cmx  baa 


TampfT  Bemds.  —  Tbe  test-pieoes  aimil  be  junOar  to 

For  temper-bend  teals  the  junpies  aiiail  be  heated  to  &  bipod  aed  wak 
fpxndied  in  water  at  a  tempezatuze  not  rxnrrding  ^  iligm*  Fahc    Tbe  coiar 

diail  be  fudf^  indoors  in  the  4adt, 

In  all  cxAd-bead  testa,  and  in  temper-bend  tests  oo.  aBB|iies  015 
rfndfne^  and  above,  the  mush  edge  or  arris  caosed  br  ^iiraiiiig  bmj  be 
bf  ffling  or  j^rinding,  and  iompies  i  inch  in  duckneas  and  above  oxaj  base  the 
cd0ES  machineri,  but  the  test-pieces  shaQ  receive  no  odier  pirpaTation.    Tht 
pieces  ihaii  not  be  annealed  unless  the  matrrfal  oom  wfakh  cfaer  are  cat  is 
lariy  annealed,  in  which  case  the  test-pieces  shall  be  iimilariy  and 
tneated  with  the  material  before  re^'ng. 

For  both  cold  and  temper  bends  the  test-piece  ahaQ  with  stand,  widiout  fr%m^^ 
being  drjubled  over  until  the  internal  radius  is  equal  to  t^  times  the  ^^«m*^***«  of 
the  test-ptece,  and  the  sde«  are  parailrl. 

For  ainall  -iectional  material  these  bend-tests  may  be  made  finom  a  feti»wr*f  fan. 

Bend-tests  may  be  made  either  by  pressure  or  by  blows. 

9.  \umhfr  of  B^md-tesis,  —  A  cold  or  temper-bend  test  shall  be  made  ham 
each  plate  or  bar  a.^  rolled,  and  these  testa  shall  be  in  about  equal  numbers  ftom 
each  charge;  but  a  a>ld-bend  test  ihall  be  made  irom  all  plates  which  are  spedoitf 
marked  for  a)ld  tlanginst, 

10.  Tests  for  Manuputur^d  Rivets,  —  Rivets  3eiected  by  the  Surveyor  &om  die 
bulk  shall  withstand  the  f<nl<jwing  te-ts: 

('!}  The  ri%et  :?hanki  are  10  be  bent  cold,  and  hammered  until  the  two  parts 
of  the  shank  touch  in  the  manner  shown  in  Fig,  r  r  5,  without  fradoie  on  die  out- 
side of  the  bend. 


Fr'i.    11:.  P'lo.    114.- 

^h;  Th«r  riv«rt  hf.-ads  art  to  be  flattened,  while  hot,  in  the  manner  shown  m  Fig. 
If  J.   .vithf>«it  rnir.kincr  at  tht:  edtres.    The  heads  are  to  be  flji^^fH  imtQ  their 

/li.ir.'K-tr-r  I     >l  timr-  *hfr  diam«:t»:r  «jI  the  shank. 

rr     AfhlitioYi'il  7^.t>  hrft^e   Rru^rtinn.  —  Should  any  of  the  test-pieces  first 
t' !' '  u  i\  ],'j  :li»-  Siir'.<-yor  not  fuUU  the  test  re<iuircmcnts,  two  further  tests  may  be 
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nade  from  the  sune  piale  or  bar,  bat  should  cither  of  diese  ful,  the  plate  or  bu- 
xom wfaicii  the  test-pieocs  were  cot  diall  be  rejected.  In  all  siKh  cases  furtha- 
ests  shall  be  made  beioie  an j  matenal  from  the  same  charge  can  be  accepted. 

12.  Bmmdmg.  —  Exrxy  plate  and  bar  diall  be  ckaily  and  disdnctly  maitcd 
vf  the  maker  in  two  places  with  the  Society's  luand,  indicating  that  the  material 
las  complied  with  the  Society's  tests. 

No  plates  or  bars  bearing  this  brand  diall  be  forwarded  from  the  sted  woii:s 
mtH  the  prescribed  tests  hate  been  made  by  the  Surveyor,  and  the  mili  sheets  ha\e 
t)een  signed  by  him.  AH  plates  and  bars  shall  also  be  l^bly  stamped  in  two 
places  with  the  maker's  name  or  txade-mark  and  the  place  wjiere  made.  They 
shall  also  be  stamped  with  numbers  or  identification  marks  by  which  they  can  be 
traced  to  the  charge  from  which  the  material  was  made. 

13.  Maker's  CerHficaie.  —  Before  the  mill  sheets  are  signed  by  the  Surveyor, 
the  maker  shall  furnish  him  with  a  certificate  guaranteeing  that  the  material  has 
been  made  by  the  open-hearth  process,  and  that  it  has  been  subjected  to,  and 
withstood  satisfactmly  the  tests  above  described  in  the  presence  of  the  Surve\x>r. 
The  fc^owing  fonn  of  certificate  will  be  accepted  if  printed  on  each  mill  sheet  with 
the  name  of  the  firm,  and  initialed  by  the  test>boose  manager: 

"We  hereby  certify  that  die  material  described  below  has  been  made  by  the 
open-hearth  process,  and  is  that  which  has  been  satisfactorily  tested  in  the 
presence  of  the  SurveycH-  in  accordance  with  the  Rules  of  Lloyd's  Register." 

14.  Rejected  Ifaierud.  —  In  the  event  of  the  material  failing  in  any  case  to 
withstand  the  prescribed  tests,  the  Surveyor  shall  see  that  the  Socier>''s  brand 
stamped  on  the  plates  and  bars  by  the  maker  ha>  been  defaced  by  punch  marks 
extending  beyond  the  brand  in  the  form  of  a  cross,  denoting  that  the  material  has 
been  rejected. 


AMERIC.W    FOl'XDR^'MEN'S    ASSOCIATIOX    STAXD.\RD 
SPECIFICATION'S  FOR  TESTING  GR.\Y  CAST  IRON. 

(June  4,  1901.) 

1.  Unless  furnace  iron,  dn*  sand  or  loam  mouHint:,  or  subsequent  annealing  is 
specified,  all  gray-iron  castings  are  understood  10  l>e  of  cuf«ola  metal:  mixiures, 
moulds  and  methods  of  preparau».»n  to  be  fixed  by  the  founder  10  secure  the  re^ts 
desired  by  purchaser. 

2.  All  castings  shall  be  dean,  free  from  flaws,  cracks,  ar-d  excessive  shrinkage. 
They  shall  conform  in  other  rerspecis  to  whatever  pjoinis  may  le  specia^Uy  agreed 
upon. 

3.  When  the  castings  tbemielves  are  to  be  tested  to  destrjaion.  the  r.urrl>er 
selected  from  a  given  lot  and  the  tests  they  shall  l-«e  sLjViieaed  to  are  ir.ace  2  rraTur 
of  special  agreement  between  founder  and  purchaser. 

4.  Castings  made  under  these  sieciii cations,  the  irc»ri  in  which  is  to  be  tested 
for  its  quality,  shall  be  represented  by  at  least  three  test-bars  fr  -rr.  the  same  beat. 
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5.  These  test-ban  shall  be  subjected  to  a  transverse-breaking  test,  the  k» 
applied  at  the  middle  with  supports  12  inches  apart.  The  breaking-load  an 
deflection  shall  be  agreed  upon  specially  on  placing  the  contract,  and  two  of  tfaes 
bars  shall  meet  the  requirements. 

6.  A  tensile-strength  test  may  be  added,  in  which  case  at  least  three  bars  k 
this  purpose  shall  be  cast  with  the  others  in  the  same  moulds  respectively.  Tli 
ultimate  strength  shall  also  be  agreed  upon  specially  before  placing  the  oontnc 
and  two  of  the  bars  shall  meet  the  requirements.*  (See  Fig.  115  for  shape  ( 
tension-test  piece.) 


Fig.  115. 


7.  The  dimensions  of  the  test-bars  shall  be  as  given  herewith.  There  is  on 
one  size  for  the  tensile  bar  and  three  for  the  transverse.  For  the  light  and  medio 
weight  castings  the  i}-inch  round  bar  is  to  be  used,  heavy  castings  the  a-inch,  ai 
chilling  irons  the  2i-inch  test-bar. 

8.  Where  the  chemical  composition  of  the  castings  is'  a  matter  of  spedficadt 
in  addition  to  the  physical  tests,  borings  shall  be  taken  from  all  the  test-ba 
made,  well  mixed,  and  any  required  determination,  combined  carbon  and  graphi 
alone  excepted,  made  therefrom.f 

9.  Reasonable  facilities  shall  be  given  the  inspectors  to  satisfy  themselves  th 
castings  are  being  made  in  accordance  with  specifications,  and,  if  possible,  te 
shall  be  made  at  the  place  of  production  prior  to  shipments. 

10.  The  following  are  the  sizes  of  bars  selected  for  tests  as  a  result  of  0 
investigations: 

For  all  tension  tests  a  bar  turned  to  0.8  inch  in  diameter,  corresponding  to 
cross-section  of  i  square  inch.  (Fig.  115.)  Results,  therefore,  multiplied  by  ti 
give  the  tensile  strength  per  square  inch. 

For  transverse  test  of  all  classes  of  iron  for  general  comparison,  a  bar  ij  indJ 
diameter  on  supports  12  inches  apart,  pressure  applied  in  middle  and  deflectv 

*  The  remarkably  wide  range  of  values  for  the  ultimate  strength  and  modulus 
rupture  which  are  really  good  for  the  various  classes  of  iron  precludes  the  giving 
definite  upper  limits  in  the  specifications.  It  will  therefore  remain  a  matter  of  mutu 
agreement  in  each  case,  the  requirements  of  service  and  price  per  pound  paid  reguli 
iQg  the  mixtures  which  can  be  used. 

t  There  should  really  be  no  necessity  for  this  test,  for  the  requirements  of  the  phf 
cal  teats  presuppose  a  given  chemical  composition.     It  may,  however,  sometimes ' 
It  to  know  the  total  carbon,  silicx)n,  sulphur,  manganese,  and  phosphorus  oi 
to  insure  good  service  conditions. 
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noted  Similarly,  for  ingot-mould,  light  machinery,  stove-plate  and  novelty  iron 
a  li-inch  diameter  bar;  that  is  to  say,  for  irons  running  from  two  per  cent  in  silicon 
upward,  or  from  1.75  per  cent  silicon  upward  where  but  little  scrap  is  in  the  mixture. 

For  dynamo  frame,  sash  weight,  cylinder,  heavy  machinery,  and  gun-metal 
irons,  similarly  a  2-inch  diameter  bar  is  recommended;  that  is,  for  irons  running 
from  1.50  to  2  per  cent  in  silicon,  or  where  the  silicon  is  lower  and  the  proportion 
of  soap  is  rather  large. 

For  roll  irons,  whether  chilled  or  sand,  and  car-wheel  metals,  a  2}-inch  diameter 
bar  is  recommended;  that  is,  for  all  irons  below  i  per  cent  silicon,  and  which  may 
therefore  be  classed  as  the  chilling  irons. 

AMERICAN   WATER-WORKS  ASSOCIATION   STANDARD  SPECIFI- 
CATIONS FOR   CAST-IRON  WATER-PIPE.     (Philadelphia,   1891.) 

r.  Length.  —  f^ch  pipe  shall  be  of  the  kind  known  as  "socket  and  spigot,*' 
and  shall  be  12  feet  long  from  bottom  of  the  socket  to  the  end  of  the  pipe. 

2.  Metal  and  Treatment,  —  The  metal  shall  be  best  quality  neutral  pig-iron, 
with  no  admixture  of  cinder,  cast  in  dry-sand  moulds,  placed  vertically,  numbered 
and  marked  with  name  of  maker  and  date  of  making.  The  shell  to  be  smooth 
and  round,  without  imperfections,  and  of  uniform  thickness. 

All  pipes  to  be  thoroughly  cooled  when  taken  from  the  pit,  afterward  thoroughly 
deaned  without  the  use  of  add,  then  heated  to  300  degrees  F.,  and  plunged  into 
ooal-pitch  varnish.  When  removed,  the  coating  to  fume  freely  and  set  hard 
within  an  hour. 

Templates  to  be  furnished  by  the  maker;  the  weight  of  pipe  to  vary  not  over 
3  per  cent  from  the  standard;  all  tests  to  be  made  at  expense  of  maker. 

3.  Testing,  —  The  pipes  to  be  tested  after  the  varnish  hardens  with  hydrostatic 
pressure  of  300  pounds  per  square  inch  for  all  sizes  below  12  inches  diameter,  and 
350  pounds  for  all  above  that  diameter,  and  simultaneously  to  be  struck  with  a 
3-pound  hammer. 

4.  Test-bars.  —  Test-bars  to  be  26  inches  long,  2  inches  wide,  and  i  inch  thick, 
ind  to  he  tested  for  transverse  strength.  These  bars  shall  stand,  when  carried 
flatwise  on  supports  24  inches  apart,  a  center  load  of  1900  pounds,  and  show  a 
deflection  of  iK>t  less  than  0.25  inch  before  breaking.  Test-bars  are  to  be  cast 
when  required  by  the  ii^pector,  and  to  be  as  nearly  as  possible  the  specified 
dimensions. 

PENNSYLVANIA  RAILROAD  COMPANY'S  TEST  FOR   CAST-IRON 

CAR-WHEELS. 

Car-wheels  are  usually  subjected  to  the  drop-test.  The  following  method  is 
employed  by  the  Pennsylvania  Railroad  Company  for  testing  cast-iron  wheels: 

For  each  fifty  wheeb  which  have  been  shipped,  or  are  ready  to  ship,  one  wheel 
is  taken  at  random  by  the  railroad  company's  inspector,  either  at  the  railroad  com- 
pany's shops  or  at  the  wheel-manufacturer's,  as  the  case  may  be,  and  subjected 
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to  the  following  test:  The  wheel  is  placed  flange  dov^Tiward  on  an  anvil-blod 
weigliing  1 700  pounds,  set  on  rubble  masonn'  two  feet  down,  and  haxing  three 
supix)rts  not  more  than  five  inches  wide  for  the  wheel  to  rest  on.  This  a^^ang^ 
mcnt  l)i*ing  effected,  the  wheel  is  struck  centrally  on  the  hub  by  a  w^eight  of  140 
pounds,  falling  from  a  height  of  1 2  feet.  Should  the  wheel  break  in  two  or  more 
pieces  before  nine  blows  or  less,  the  fifty  wheels  represented  by  it  are  rejected. 
If  the  wheel  stands  eight  blows  without  breaking  in  two  or  more  pieces,  the  fifty 
wheels  are  accepted. 

82.  Tests  of  Building  Stone  and  Brick.  —  These  materials  are  prin- 
cipally  used  in  walls  of  buildings  and  for  foundations.  For  this 
use  they  are  subjected  principally  to  compression  or  crushing  stresses. 
Tlie  im[)ortant  j)roperlies  are  strength  acnd  durability.  Stone  is 
usually  tested  for  compressive  and  transverse  strength,  brick  for 
compressive  strength. 

I.    Testing  Sfofws,  — 

Tlic  s]>ecimens  for  compressive  strength  are  cubes  of  various  sizes,  depend- 
ing j^rincijxdly  on  the  capacity  of  the  testing-machine.  These  cubes  are  to  be  nialy 
made  with  the  ()]>|x)site  sides  |x;rfeclly  jxirallel  to  provide  a  uniform  bearing-sur 
face.  It  is  found  that  the  larger  the  blocks  the  greater  the  strength  per  unitof 
area.* 

To  ti\si  Stone  for  Compressive  Strength.  —  Have  the  specimen  dry  and  dressed, 
and  ground  to  a  cul)e  —  inches  on  each  edge,  and  with  the  opix)site  faces  parallel 
planes.  This  is  important,  as  imjK'rfect  or  wedgc-shajx^d  faces  cona^ntrate  the 
stress  on  a  small  area.  In  testing,  u.se  a  layer  of  wet  plaster  of  Paris  between  the 
sjx^cimen  and  the  faces  of  the  machine,  to  distribute  the  stress. 

To  test  Stone  for  Transverse  Strength.  —  In  this  case  the  specimen  is  dressed 
into  the  form  of  a  prism  8  inches  long  and  2  by  2  inches  in  section.  It  is  supported 
on  bearings  6  inches  apart,  and  a  center  load  applied.  The  strength  is  com- 
puted as  e.xplaincd  under  head  of  Transverse  Testing,  jrnge  60. 

Durability  of  stone  is  tested  accurately  only  by  aaual  trial.  Some  idea  can  be 
formed  by  noticing  the  effect  of  the  weather  on  the  exjx)sed  n)cks  in  the  quarry 
from  which  the  specimen  came. 

In  the  method  of  standard  tests  adopted  in  Munich,  in  1887,  the  following 
additional  tests  are  recommended: 

Trial  method  with  (a)  a  jumper  or  drill,  (h)  by  rotar\'  boring.  The  amount  of 
wori(  done  by  the  drill  to  be  determined  by  the  momentum  of  drop,  its  velocity  of 
rotation,  and  the  shape  or  cutting  angle  of  the  drill  or  cutting  tool.  The.'^  qualities 
are  to  be  detezmined  by  comparison  with  a  standard  drill  working  under  definite 
oonditiona.    Emnuie  the  stone  for  resistani:e  to  shearing  as  well  ds  to  boring. 

.     .  ♦Sec  Unwin,  "Testing  of  Materials." 
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noted.    Shnfliflf,  ior  Jugin  ■Mwdii,  la^  nmliiiMii,  sttFfr-pbie  and  ncrpdtT  inm 

f  t^-mrli  HUwM»r  iMr-  tW«>  U  9n  <aj   iiw  it««<  m— ling  fmm  t^o  pw  cwit  io  gfima 

upwaid,  or  iiiHB  1.75  per  ocat  sSoM  iqy«midvfaexe  ba  ihxk  soap  ism  die  nn^^ 
For  dimamo  icMK,  ask  wti^A,  cilada,  bea^y  marKinmr,  and  goD-melal 

iioiLSy  TOiiJarir  a  j  mrk  dbinurr  bar  is  irfiwnmmdBd;  diat  is»  for  irons  immiiig 

from  1.50  to  2  per  oeni  ia  sifinrij  or  vbese  die  ahctm  is  lover  and  die  propGftkm 

of  scrap  is  ladxr  bi^ 

FcH-  roll  irops,  mbeiber  cJaBed  or  sand,  and  car-idiBd  maak^  a  ^H^di  jTim  im  m 

bar  is  leootmncnded;  tbat  is»  ior  aH  irais  bdov  i  per  oem  abcm,  and  wbidi  may 

theiefcHc  be  daaed  as  ibe  daSn^ 


AMERIC\X  WATER-WCmKS  ASSOOATIOX   STANDARD  SPECIFI- 
C\TIONS  FOR  C\^r^RON  WATER-PIPE.    (PHiladrfphia,   1891.) 

1.  Length.  —  Eacb  pipe  ^b1  be  of  tbe  kind  knopvn  as  "^socket  and  sp^pt," 
and  shall  be  12  ioet  kng  irom  boaon  ot  die  socket  to  tbe  end  ot  tbe  pipe. 

2.  Meiai  ami  TrtmtmtmL  —  Tbe  metal  ^aJl  be  best  quafitr  neotxal  p^-inm, 
with  DO  *ilH«immm  of  diider,  cast  in  drr--5uid  moolds,  pboed  peiticallT,  nmoboed 
and  marked  vith  name  ol  makes-  and  dasc  os  Tnaking  The  siidl  to  be  sinuuib 
and  Toond,  vitfaoa  iiii|rafriJiops.  and  ot  xmifosm  thackncss. 

An  pipes  to  be  dajiim^ih'  cooicd  viien  taken  iron  the  pit.  afaervaid  dxvoi^^sK' 
deaned  witiMJOt  die  use  ol  acid,  then  healed  to  300  dt^ix^  F^  and  phmsed  inio 
coal-pitch  Tarnish.  When  icmomL  the  GDaxi2!^  10  fume  nec^  asd  sec  hard 
within  an  hocr. 

TempUies  tc»  l<  fziri^icd  \^  tbf  Tnikgr:  tbe  vcLp:::  of  pcpe  ic-  nry  rK:<:  cni^er 
3  per  cent  troa  tbe  szasdard:  iZ  lesis  tr*  'r«e  =;£.5e  t:  eiienfe  •:•:  nitker. 

3.  Testing.  —  Tbe  pEpcs  i:-  be  tessef  afier  tbt  vz^rifh  bkrd*c:5  -rrjL  bydrc'siE.tIc 
pressure  of  30c  pcczidf  per  jqrarc  iricr:  kc  iZ  ize?  'r*ci:T  :i  ii±ie5  -.irr^jtz.  iztt 
250  pounds  ior  all  abcrcc^  tbai  -^anieicr,  ar»d  ^rrr^LiLriecuj^y  i:  r«e  >rr-:ci  •■rhb  a 
3-pound  hainmrr. 

4-  Tfsi-bcr:.  —  Tcs-bar?  1;  be  ^f  r>dics  i:«rx.  i  r:'±if^  ■•6if,  trif  i  ricri  tbfzi, 
and  to  be  lesced  >dc  trazif^icrac  =cci:r:b-  Tbtri*  tJEr?  ^^u."  >iLr>i.  ^bfc  cirrif-i 
flatwise  on  scjwcts  24  ii^cbc*  aparL  i  oel'ie'  i-.&i  :•:  :xc  zr.r.z^zj-^  ir»f  ibnr  a 
deflection  of  iwt  kss  Trar  c^s  idc*  bed:«rt  irf^t  r^  g.  Tr?:-:»Lr5  ir*  ::  rit  zii? 
when  required  by  zht  rvs<YTT.  irr  zz  re  i5  zstirij  i^  iti-isTio*  ibt  fiecifed 
dimenaoos. 

PEXNS\XVAXL\  R-VIU^ClVl'  CC'MPAVi'^S  TX~   F :  R   C  V^-IT     N 


Car-wbeels  ait  ^risaaZj  ^Zyrz:*^  -.:  tbt  ~7---efr.     Tbt  '  'I)"«r.-r  ::r't: 
employed  by  tbe  Vrr^^^frrir a  Rilrrsi.:  Cirziierj  ::r  ".t--^-j:  zl----  -  ^  -.- 

For  each  any  vbeeis  ▼^±  bi-^  *:e^  fr_:T^L  :r  ^rr  rt-:^::  :  rr. :  - 1 
is  taken  at  raij^iuc  ry  tbe  rtZrtfc*:  r.ciTgL--  5  Ji.^er.:r  r  ".rjtr  1-  v_t  r-  .-  ^ 
pony's  shops  or  a:  dit  '¥bc!ti:-r2z::Lfirr_Ttr  r    ti  irtt  zi.^  hj^;  :•:    i^  1  5^: 
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An  investigaiion  of  urdfAmn^  qualities  —  stability  under  influences  of  itaws- 
pheric  changes  —  can  be  neglected  wheti  the  frost -test  has  been  made.  Hoftcitr, 
the  effects  in  this  respect,  in  natvre,  are  to  be  carefully  obserred  aad  comptitd 
with  previous  experience  in  the  use  of  similar  material.    Observe  — 

a.  The  effect  of  the  sun  in  producing  cracks  and  ruptures  in  sioncs. 

b.  The  effect  of  the  air,  and  whether  caitMoic-add  ^s  is  ^'na  off. 

c.  The  effecc  of  rain  and  moisture. 

d.  The  effect  of  temperature. 

2.  Testing  Brkks  or  Artificial  Building-sioM.  — Bricksaretesled 
for  strength,  principally  by  compression. 

They  should  be  ground  to  a  form  with  opposite  parallel  faces,  and  are  tested 
between  layers  of  thin  paper,  or,  without  grinding,  between  thin  layers  of  plisiei 
of  Paris,  as  e^)lained  for  storte.  The  variatioa  to  siie  of  specunra,  and  whethc 
Ibc  brick  is  tested  on  end,  side-ways,  or  flat-ways,  will  nutke  a  ^reat  diSeieca  in 
ihe  results.  The  test,  to  be  of  any  vahie.  must  state  the  method  of  testing.  Wbolt 
bricks  are  stnc^^r  per  unit  of  area  than  ponioQs  of  faricks,  and  should  be  Vit^ 
when  [»acti(able. 

It  is  also  r*o.iimnc tilled  that  brick  be  tested  for  compressioD  in  the  shape  o\ 
two  half-bricks  superimposed,  tuuted  by  a  thin  layei'  of  Ponland  cemeot.  and 
covered  on  K^  and  bottom  with  a  thin  bycr  of  such  paste  to  5e<:ure  even  beaiing- 

The  transverse  »:si  for  brick  is  believed  to  be  a  valuable  index  to  its  building 
[KopeitteSL  Support  the  bridi  on  knife-edges  6  inches  ^»rt,  and  apply  the  loid 
at  the  center.     Cocupute  the  moduh^s  of  ruptun;: 

«  -  ^  S- 

in  which  W  equals  the  center-load.  I  the  length,  b  the  breadth,  4  the  depth,  all  ia 

Dry  as  for  stone,  and  detemine  the  ifirilk  gravity,  I 

Test  hard-burned  diu!  jofl-bitmed  from  the  same  kihi.  % 

Determine  Ihv  polity  of  thu  brick  as  fuUows:: 

Thoroughly  drv  leu  pieori^  on  an  iron  plate;  w<ri(|^  these  pieces;  tfaeo  nh- 
meriR-  in  water  lu  ono-half  the  ikpth  far  twenty-four  hours;  then  completely  Kih- 
iiti.'i'iit:  for  tweotv-iour  hours,  dry  superficially,  and  wci^^  Determine  porastf 
fmmlhi- weight  ot  water  aheorbed,  which  should  btrt^tefeed  is  per  cent  of  ^-otntK. 
Exptf.'is  jbiorfriiim  is  per  cent  of  weight.  i 

Dolcrminc  rc-J^xana;  a^uost  fnwl,  a*  previously  e-tplaioed  for  stones,  uangfit 
specimens,  and  it:p«:(aintt  '^  apetatioa  of  fnfeiinn  ami  thiwicg  twenty-five  titK* 
for  each  specimen.  Obaenv  the  effect  with  a  mai^iiKiDn-^laiSS.  .\Iterfreeiing,lc4 
for  cuiupression,  and  compare  the  tcsults  with  those  obtained  with  a  dry  I 

■  Soc  Vol.  XI  (.Standard  Mcthutl  of  Testing),  TransaL-tioas  of  t 
utaical  Ei^iioecis. 
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To 

grind  ibese  a»  <dB9L  SoiL  c&iiwi|c&:  a  iKne  4900  oiebes  per  afsue  cm.  s^i^jlbo  per 
squaic  aicr  .  T^  <&a  aOKd  «inc  b  Eirraird  m  250  cc  ol  dbdBed  vnAer.  Iwikd 
for  abod  oiae  ^mr.  ahESvL  sad  vadtedL  T^  aMwant  oc  iotdbfte  silcs  b  tka 
detemuz^ed  by  ^nua^davK  car  iofedoa  mmd  btiauuMf  i^  rcsiiar  «>  a  red  hnt  M 
a  shon  tirnr-  TW  mamaaoL  js  Anrr  mufd  be  ve^^  mmd  expressed  id  pcfcemi^; 
its  ctxnpo^Scc:  2^  ^eoezTczBied  W  a  clbfmjl  saaJrabL 

DetrrmimS^ns  oc  :^  pecseoKr  oc  ciffwair  01  fiae,  mn.  or  p^rhes  mze  K>  be 
made  bv 


—  In  this  case  tiie  ioDowing  ofasemtioiis  and  tests  should  be 
made: 

InibnnaziaQ  m  nefaid  »  petfogiaphic  a&d  geafcagic  fliTn>frtiwiy  die  «r^^  ol 
the  samplrs  etc  etc:  also: 

Statement  in  nefaid  «>  w^Saalmm  ot  su 

Spedjk  gi^^sitT  oi  die  suifiies  is  to  be 

All  maicTJals  ised  m  the  €xmsamaDkm  ol  roads,  provided  ther  are  not  to  be 
used  under  oo/vcr  or  in  ViraliiiiH  miihul  misL  aie  K>  be  lesKd  for  their  fwwssi' 
resisting  ptaliiifT  by  lesB  siioilar  to  those  pf^escxibed  ior  natsnl  stone. 

Stones  or  bfidL  ssed  ior  pftTing:  m  lesaed  most  sattsttoarihr  in  a  mmnrr 
zepiesenting  their  mode  ol  ntSatioB  by  dtifiiiiininf:  the  wtmrimg  fmaiiHes  by  an 
abrask»-test  standaidbed  by  die  Natkxtal  Bxick  Manu^cnness'  AssodatkB 
(1900)  as  foDovs: 

Tk€  RaUUr  Test  —  The  saadaid  latder  shall  be  :^  inches  in  dkmetcr  and 
20  inches  in  ^<"ngT>i^  inside  meassiczziesiis^  Other  diracnfaoms  iniv  be  exnpioxrd 
between  26  and  5c  inches  diainrttr  and  iS  10  24  incncs  icnir^  in  which  caic  die 
dimensions  should  be  scaled  is  rrporrir.c  ibe  les:.  LoiLiier  raniers  maj  be  em- 
ployed by  the  inscrdan  of  a  (Saptra|:in.. 

The  barrel  shall  be  s^ipjx^ne-i  oq  mmnkms  a:  ibe  end^.  with  no  shafi  mnniiig 
through  the  ranlinc  chamber.  The  cross-fecnc*::  shaZ  be  a  regular  lolyiroii  -M 
14  sides.  The  heads  shaE  be  c*:  ctbt  ca^  irv^::.  no:  ^r.Tlf^d  or  cai^e-barienei  The 
staves  shall  preferal^y  be  camzK^isfZ  o:  >ieel  pliie^  as  cast-iron  j^^rif-  and  ulti- 
mately breaks  from  the  wcaiini:  adioc  on  '^  inner  side.  Tbene  shall  be  a  spac^  of 
one-fourth  of  an  inch  benreen  ibe  staves  j':>r  ibe  escape  o:  dus:  and  smai.  piecrs. 
Machines  ha>"ing  from  12  10  lO  staves  zn^j  it  cn:;r»i:'yed.  ^ih  openings  from  ;  :c 
i  inch,  but  these  variations  from  ibe  sandard  sbouid  ite  njenti^nt-i  in  an  o^ci£ 
report. 

The  Charge  shall  consisi  of  but  one  kini  ;»:  brick  a:  a  rime,  nine  r^v.-c  r-.^cki 
or  twelve  bricks*  being  insened,  togeiber  w!*j:  50c  zonnis  :•:  C3.s:-:~.>n  :;,'Cks 

♦The  number  of   bricks   shoiiif    it   iha.:   nun:.:»t'    v.  r^.r.    —..>>:    r.:-^-       ^    ^   *^ 
total  cubic    contents  of  the  brik   :hfcrrr  *-_  jji,    ::    ^   :r:     -v:     :   :":   :   :„      .:.      ot: 
tents  of  the  rattler. 
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shall  be  of  two  sizes,  75  pounds  being  of  the  larger  and  335  pounds  of  the 
'  size.  The  larger  size  shall  be  about  2}  inches  square  and  4}  inches  kn^ 
[ghtly  rounded  edges,  and  shall  weigh  at  first  7}  pounds.  The  smaller  sitt 
s  i^-inch  cubes,  with  rounded  edges.  All  blocks  shall  be  replaced  by  nev 
hen  they  have  lost  10  per  cent  of  their  normal  weight. 
Number  of  Revolutions  shall  be  1800  for  a  standard  test,  at  a  speed  bettreen 
30  per  minute. 

Bricks  shall  be  thoroughly  dried  before  testing. 

Loss  shall  be  calculated  as  a  per  cent  of  the  weight  of  the  dry  bricks  com- 
the  charge,  and  no  result  shall  be  considered  as  official  unless  U  is  the  avera§t 
distinct  and  complete  tests  on  separate  charges  of  bricks. 
uniformity  of  wearing  qualities  of  brick  for  parts  more  or  less  distant  from 
^rior  surface  is  determined  by  repeating  the  trial  on  the  same  piece,  and  not 
testing  onej  but  a  greater  number  of  pieces.  It  b,  moreover,  necessary  to 
nples  of  the  best,  the  poorest,  and  the  mediimi  qualities  of  bricks  in  any 
n. 

ain  the  transverse  strength  as  explained. 

ain  the  per  cent  of  water  absorbed  after  the  bricks  have  been  thorou^y 
t  30°  C.  (86°  F.),  as  explained  in  Art.  2,  p.  154. 
I  materials  for  ballast  in  a  similar  manner. 

ome  cases  it  may  be  desirable  to  test  stones  as  to  the  capacity  for  receiving 
1. 

minations  of  asphalts  can  only  be  made  in  an  exhaustive  manner  by  the 
ction  of  trial  roads.  An  opinion  coinciding  with  the  results  of  such  trial 
I  formed  by  — 

Determination  of  the  quantity  and  quality  of  the  bitimien  contained  theids 
er  the  bitumen  be  artificial  or  natural). 
By  physical  and  chemical  determination  of  the  residue. 
By  determination  of  the  specific  density  of  test-pieces  of  the  material  used  by 
3f  a  needle  of  a  circular  sectional  area  of  i  sq.  mm.,  carrying  a  weight  of  300 

(See  Cement  Testing,  p.  160.) 
By  the  determination  of  the  wear  of  such  test-pieces  by  abrasion  or  grind- 
Is. 

By  the  determination  cf  the  resistance  to  frost  of  these  test-pieces.  (See 
ig  Stone,  Frost-test.) 

Testing  Cements  and  Mortars.  — The  following  descriptions 
3rve  to  distinguish  the  different  classes  of  bonding  materials: 
Common  limes  are  produced  by  roasting  at  bright  red  heat* 
ones  containing  little  clay  or  silicic  acid.    When  moistened  with 
limes  become  wholly  or  partly  pulverized  and  slaked.    Thejr  ! 
Id,  when  unslaked,  as  lumps  of  '^quick-lime'';  when  slaked,  ' 

form  of  fine  flour.     After  mixing  with  water  (and  sand)  ta 
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oake  mortar,  the  setting  or  hardening  of  the  lime  cement  takes 
place  by  chemical  combination  with  CO,  from  the  atmosphere,  and 
simTihaiieoiis  rejection  and  evaporaticm  of  the  water  used  in  mixing. 

2.  Water  liwus  and  Roman  cemenis  are  products  obtained  by 
burning  clayey  lime  marls  or  limestones  below  the  melting  temper- 
ature. They  do  not  disintegrate  on  being  moistened,  but  must  be 
powdered  by  mechanical  means.  Their  setting  or  hardening  is  sim- 
Oar  to  that  of  the  hydraulic  cements  rather  than  to  that  of  common 
lime. 

3.  Hydraulic  cewttnis  are  products  obtained  by  burning  at  a 
temperature  of  incipient  fusion  clayey  marls  or  limestones  or  arti- 
ficial mixtures  of  materials  containing  clay  and  lime  (or  lime,  silica, 
and  alumina),  the  clinker  so  made  being  crushed  and  ground  to 
the  fineness  of  flour.  The  hydraulic  pans  of  a  hydraulic  cement  are 
silicates  and  alimiinates  (or  ferrates  j  of  lime.  In  setting  or  hard- 
ening of  the  cement  the  h^-draulic  parts  combine  chemically  with 
part  or  all  of  the  water  added  in  mixing;  the  water  disap]:)ears  as 
water,  and  becomes  part  of  the  cement.  Hence  the  name  *'  hydraulic 
cement"' 

4.  Hydraulic  fluxes  are  narural  or  anincial  maierials  which  in 
general  do  not  harden  of  themselves,  bu:  do  so  in  presence  of  caustic 
lime,  and  then  in  the  same  way  as-  a  hydraulic  material:  i.e..  puzzuo- 
lana,  santorine  earth,  trass  t-rc^d-jcei  from  a  i- richer  kind  of  '/okanic 
tufa,  biast-fumace  sia^.  burnt  clay. 

5.  PuzzMoI^n^  c<m^rus  are  troducts  obtained  by  most  carefully 
mixing  hydrates  of  lime,  tiulverized.  with  hydraulic  f.uxes  in  the 
condition  of  dust- 

6.  Mix^d  cffK^n:^  are  t:'r:»::ucts  obtained  by  mo^  care  full;*  mixing 
existing  cements  Trith  pr:t-er  duxes,  >u:h  >  n:  material-  sh.ul::  \*t 
)aniciLLarly  marked  "Mixed  C-ments."  at  the  same  time  namlnj 
he  base  and  the  dux  u^ei. 

J.  j^iOTtQT  IS  ma.ce  i,v  mi2unz  tiree  t'r  r.  ur  t  iirts  t!  r!"2irT  sum 
riih  one  Dart  of  cuick-llme  :r  tement.  an:  a:  I'nz  -att'  -.nil  :: 
he  prcc»er  coni-isienc;'.  M:r.2^'  made  fr.nt  su:^-':-^-  "L  n-':"-r 
et  nor  r.ay  hard  under  v-^-rr:  :ru:  n::il-  :r:m  -.-J':./  -  .:  u  j:- ■"- 
Ime,  if  allowed  to  s<:t  in  tbr  a^r  -^ll  n  :  drr  f-::tenei  :  ■-"-.:.  -  nllr 
hat  made  from  hvdra-11:  imrntr  -    11  :urden  unirr  -  -iit. 


iss 
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S.  Mtihiul  of  Test i fig  Cements.  — The  principal  properties  which 
it  is  tUH  ossarv  lo  know  are:  (i)  fineness;  (2)  lime  of  setting;  (3) 
u  nsilc  siriMigih;  (4)  soundness  or  freedom  from  cracks  after  sel- 
\\\\\\\  \>s^  heaviness  or  specific  gravity;  (6)  crushing  strength;  {7) 
lourjincss  or  [nnvcr  lo  resist  definite  blows. 

rho  foUowini;  standard  methoil  of  testing  cements  was  adopted 
b\  a  ooniniitioi^  of  ihe  American  Society  of  Civil  Engineers  and  of 
tb.o  American  Siviety  for  Testing  Materials  in  1903  and  1904. 

>\ .", ,  ;/,••!  /'  S.i^f^f.  —  The  sample  shall  be  a  fair  average  of  the  contents  of  the 
•.v,vk;*,o  .  -.:  sliall  Iv  ;\is.<^i  thrwach  a  sioxxr  hanng  20  meshes  per  lineal  indi  before 
to>;.".c  u^  n':no\v  V/.r.Vj\s.  In  obtaininc  a  sample  from  hamels  or  bags,  an  auger  or 
Mr-V'"-?^  •^^■*  ^^f^Av'nir.c  To  the  OMiicr  should  be  i;aed. 

\  v^*  ■.v.uv,;  a-aa'.x-sjs^  if  rev^uir^i.  shouid  be  made  En  accordancse  with  the 
»=  .V* ;  ,v'>  ir.  ;>x:  IvV^rnal  o:  ;he  SvVaeiy  c^f  Cbemicai  Indufcy,  published  Jin. 

•.V.    '.vV^r 

y/v-,  ',  %*-.•:'.'%  —  T>.-;<  {x  -\>>:  ^^"^.^^11)0^."^  made  wi'Ji  ic  Chatelier  5  ap^- 
;a.,.v.  xO.  *:-.  *\Y.-..v.>;,x  o:  a  nas^  .I"*  ,  Fij.  ::r^  o:  :rc  c^  c=i.    7.52  cubic  indies) 

ixnfccirr.  '^  ae*i  of  vhich  is  about 
?c  err.  •  >•  bdies  locr:  in  the  mid- 
cif  o»:  ir*is  neck  is  a  buib  »,C),  abo« 
i:>i  hf-j.-'W  wLid:  are  nro  ziaiks(^ 
iJTiL  r  :  :be  rcihirae  between  thoe 
7ni.rks  is  ^  r::.  czi.  z.22  cnbic indies). 
Tin  ns'CJL  nas  a  diasder  of  aboiit9 
Tnr^  r.r:  in  .  aiii  is  cracTsaxcd  into 
l^^th^  of  curijc  jerrrvttg  above  4e 
TULrt  T.  Bemzxne  r^^  Baiaa6  napb- 
:hx. .,  ,iT  kerosene  ire*  rwn  waIBi 
s^.-^u'|.^  be  uiec  zl  TnaVi^g  ibe  dele^ 
mink:t.ir. 

Tru  snecifi:  trx'r^  caz  be  deltf' 


r-.Tt;*:    ir   rv:   v,-i  vi.     :    Tbe  5ask  B 
:.\i-:   vi:i   v.'.nzr  n:  ^beac  Sq'^is  to 

K  v^^^m.  .V"-:vvM  .^    s.  ^"-.  "■ '.       '"■■.:•  r-i.iinr  niii?  k  n.  :3LisAB 
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volume  displaced  by  64  gr.  of  the  powder.    The  specific  gravity  is  then  obtained 
from  the  formula: 

Q,^«-fi^  «^,^-*«      Weight  of  cement     

Specific  gravity  -  -,.  .  .      . — f j-r. — . ,  ,.    . — -  - 

Weight  of  volume  of  uquid  displaced 

The  flask  during  the  operation  is  kept  immersed  in  water  in  a  jar,  i4,  in  order 
to  avoid  variations  in  the  temperature  of  the  liquid.  Different  trials  should  agree 
within  I  per  cent. 

The  apparatus  is  conveniently  cleaned  by  inverting  the  flask  over  a  glass  jar, 
then  shaking  it  vertically  until  the  liquid  starts  to  flow  freely.  Repeat  this  opera- 
tion several  times. 

Fineness.  —  The  fineness  is  determined  by  the  use  of  circular  sieves,  about  20 
cm.  (7.87  inches)  in  diameter,  6  cm.  (2.36  inches)  high,  and  provided  with  a  pan 
5  cm.  (1.97  inches  deep)  and  a  cover. 

The  wire  cloth  should  be  woven  (not  twilled)  from  brass  wire  having  the  fol- 
lowing diameters: 

No.  100,  0.0045  ii^ch;  No.  200,  0.0024  inch. 

This  cloth  should  be  mounted  on  the  frames  without  distortion;  the  mesh  should 
be  regular  in  spacing  and  be  within  the  following  limits: 

No.  100,    96  to  100  meshes  to  the  linear  inch; 
No.  200,  188  to  200       "       "     "      "        " 

50  to  100  gr.  dried  at  a  temperature  of  212^  F.  prior  to  sieving  should  be  used 
for  the  test,  the  sieves  having  previously  been  dried. 

The  coarsely  screened  sample  is  weighed  and  placed  on  the  No.  200  sieve, 
vfaidi  is  moved  forward  and  backward,  at  the  same  time  striking  the  side  gently 
vith  tbe  palm  of  the  other  hand,  at  the  rate  of  about  200  strokes  per  minute.  The 
operation  is  continued  until  not  more  than  one-tenth  of  one  per  cent  passes  through 
per  minute.  The  work  is  expedited  by  placing  in  the  sieve  a  small  quantity  of 
luge  shot,  or,  better,  some  flat  pieces  of  brass  or  copper  about  the  size  of  a  cent. 
The  residue  is  weighed,  then  placed  on  a  No.  100  sieve  and  the  operation  repeated. 
The  results  should  be  reported  to  the  nearest  tenth  of  one  per  cent. 

Normal  Consistency,  —  The  use  of  a  proper  percentage  of  water  in  mixing  the 
cement  or  mortar  is  exceedingly  important.  No  method  is  entirely  satisfactory, 
^  tbe  following,  which  consists  in  the  determination  of  the  depth  of  penetration 
<rfawireof  a  known  diameter  carrying  a  specified  weight,  is  recommended.  The 
apparatus  recommended  is  the  Vicat  needle,  shown  in  Fig.  117,  which  is  also 
D*d  for  determining  the  time  of  setting.  This  conasts  of  a  frame,  K,  bearing  a 
movable  rod,  L,  with  a  cap,  Z>,  at  one  end,  and  at  the  other  the  cylinder,  G,  i  cm. 
(0.39  inch)  in  diameter,  the  cap,  rod  and  cylinder  weighing  300  gr.  (10.58  oz.) 
The  rod,  which  can  be  held  in  any  desired  position  by  a  screw,  F,  carries  an  indi- 
cator, which  moves  over  a  graduated  scale  attached  to  the  frame,  K.  The  paste  is 
lield  by  a  conical  hard-rubber  ring,  /,  7  cm.  (2.76  inches)  in  diameter  at  the  base, 
\  cm.  (1.57  inches)  high,  resting  on  a  glass  plate,  /,  about  10  cm.  (3.94  inches) 
quare. 
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In  makini^  the  determination,  the  same  qtnotitT  of  criiMFiir  as  wiS  be  3ofa» 
quentty  u-^  f^ir  pach  hatch  in  makinir  the  briqneCtes  ibat  hoc  ies  c1»b  51 
is  kneafied  into  a  pa^^te  ami  quickly  formeri  into  a  bail  with  die  handsE. 
the  operation  by  to!4ffln<^  it  six  times  from  one  hand  to  the  orhrr.  maimanniA 
inches  apart;  the  YtaW  is  then  pr»aed  into  the  robber  riiii^  tbmiifKii  the  laceer  oiiB' 
ine,  smoothed  otT.  and  placed  (on  its  lan^  end)  on  a  gli 
smoothed  off  with  a  trowei:  the  paste,  connned  in  the  rin^  resiiifl^  oa  tiie  pfaoe,  is 
placed  under  the  rod  bearinf^  the  cylinder,  which  is  btaof^  in  mnncr  widi  die 
surface  and  quickly  relea.qed. 

D  0 


Fic.    IT-  — Vtcat  Needle. 


The  [)n>Te  is  of  normal  consistency  when  the  cylinder,  released  from  contaa 
with  rhf  -iirfarf,  f>pnHratPs  to  a  fjoint  in  the  mass  10  mm.  (0.39  inch)  below  the 
top  of  the  rinj(  and  thfr»*  ^top^  Grriit  rare  mu.st  \ye  taken  to  fill  the  ring  exactly 
\f)  \hc  tr>p. 

The  trial  [>a>t»'s  arr*  ma<If  with  .var>*inp:  percentai^es  of  water  until  the  correct 
ron-ii'itf nrv  i-^  olitairvd. 

'Vhf  fr,mmitirr  has  n'rommf»nded.  ii<  normal,  a  paste  the  conastency  of  whidl 
'\<  r.ithiT  wrf,  U-ran^  it  l)rlirvf^  that  variations  in  the  amount  of  compvession  to 
whifh  the  \,T\f\\u-ur  i-.  oil.jcftcd  in  moijidinir  are  liki^ly  to  l)e  less  with  such  a  paste. 

f  ifffr  nf  s^ffifi','  Til'-  ol»jfrt  of  this  tt»st  \<  to  determine  the  time  whidi  elapses 
•MifJI  ill'  [imv-  rra^f.  w.  U'  fluid  and  j*!astir.  called  the  initial  set,  and  also  the  time 
.■  \\\\\>'\  U>r  it  to  :\(f\}urf'  n  certain  fWicrcc  of  harrlnes*;,  called  the  final 


STRENGTH  OF  MA-TRIALS  —  METHODS  OF  TESTING      l6l 

For  this  purpose  the  VlcKt  needle,  which  has  mbeady  been  described,  should  be 
used.  In  ma  king  the  test,  a  paste  of  nonnal  consistency  is  moulded  and  placed 
under  the  lod  (I.),  Fig.  117;  this  lod  when  bearing  the  cap  (Z>)  weighs  500  gr. 
(10.58  ox.).  The  needle  (H),  at  the  lower  end,  is  i  mm.  (0.039  inch)  in  diameter. 
Then  the  needle  is  carefully  biou^  in  contact  with  the  surface  of  the  paste  and 
quickly  released. 

The  setting  is  said  to  have  commenced  when  the  needle  ceases  to  pass  a  point 
5  mm.  (0.20  inch)  above  the  upper  sur&ce  of  the  glass  plate,  and  is  said  to  have 
terminated  the  moment  the  needle  does  not  sink  visibly  into  the  mass. 

The  test-pieces  should  be  stored  in  mcHst  air  during  the  test  This  b  accom- 
plished by  placing  them  in  a  rack  over  water  contained  in  a  pan  and  covered  with  a 
damp  cloth,  the  doth  to  be  kept  away  from  them  by  means  of  a  wire  screen,  or 
preferably  they  may  be  stored  in  a  moist  box  or  closet. 

The  determination  of  the  time  of  setting  is  only  approximate,  since  it  is  mate- 
rially affected  by  the  temperature  of  the  mixing  water,  the  percentage  of  the  water 
used,  and  the  amount  of  moulding  the  paste  receives. 

Standard  Sand.  —  The  committee  recommend  at  present  the  use  of  a  natural 
sand  from  Ottawa,  El.,  screened  to  pass  a  sieve  having  20  meshes  per  lineal  indi 
and  retained  on  a  sieve  having  50  meshes  per  lineal  inch;  the  wires  to  have  diame- 
ters of  0.0165  and  0.01 1 2  mdb.  respectively-  This  sand,  will  be  furnished  by  the, 
Sandusky  Portland  Cement  Co.,  Sandusky,  Ohio,  at  a  moderate  price.  This 
sand  gives  in  testing  considerably  more  strength  than  the  crushed  quartz  of  the 
same  size  formerly  employed  for  this  purpose. 

Form  of  Briquette.  —  The  form  of  briquette  recommended  is  shown  in  Fig.  120. 
It  is  substantially  like  that  formeriy  used  except  that  the  comers  are  rounded. 

Moulds.  —  The  moulds  should  be  made  of  brass,  bronze,  or  some  equally  non- 
corrodible  material,  and  gang  moulds  of  the  fonn  sho^Ti  in  Fig.  118  are  reaira- 
mended.     They  should  be  wiped  with  an  oily  cloih  before  using. 

Mixing.  —  .\II  proportions  should  be  staled  by  weight;  the  (quantity  of  water  to 
be  used  should  be  staled  as  a  percentage  of  the  dry  material.  The  metric  system  is 
recommended  because  of  the  convenient  relation  of  the  gram  and  the  cubic  centi- 
meter. The  temperature  of  the  room  and  the  mixing  water  should  W  as  near 
21°  C.  (70°  F.)  as  it  is  practicable  to  maintain  it. 

The  sand  and  cement  should  be  thoroughly  mixed  dr}*.  The  mixing  should  he 
done  on  some  non-absorbing  surface,  preferably  plate  glass.  If  the  mixing  must 
be  done  on  an  absorbing  surface,  it  should  be  thorounhly  damjx-ned  prior  to  u>e. 
The  quantity  of  material  10  be  mixed  at  one  time  dejtend>  on  the  numlxT  of  ust- 
pieces  to  be  made;  about  1000  ej.  '35.28  oz.j  makes  a  convenient  quaniity  to 
mix,  esjDecially  by  hand  methods. 

The  material  is  weighed,  dampened,  and  roughly  mixe^i  with  a  trtmtl.  after  which 
the  opjeration  is  completed  by  vigorously  kneadin<:  with  iht-  hani  :>'r  i  \  niir/.::?.--. 

Moulding.  — HaWng  worked  the  monar  to  the  pn»i»er  C"n>:.-:tno"  ::  if  a:  -^r^ce 
placed  in  the  mould  by  hand,  l>eini:  pressed  in  firmly  whb.  the  I'r.ecr-  ar^  n  .-nv "  •:h«.d 
off  with  a  trowel  without  ramminir.  I'Ut  in  ^•Jch  a  mar.r.t r  af  :.■  c\t.r.  a  r::o«Jvra:e 
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pressure.    The  mould  should  be  turned  over  and  the  operation  repeated 
briquettes  should  be  weighed  prior  to  immersion,  and  those  which  vary  in  n 
more  than  3  per  cent  from  the  average  should  be  rejected. 


^COCCKXKr^uJ 
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Fir..  TTO.  Fjg.  ISO. 

^NTWPAiir  CiTT  Avn  Bi?Ton="TrT:   AnorrET  by  the  Amkricak 

TEsrrvr,  Materials.   1004. 


Stf*ra^f  0/  the  Test-pirres.  —  During:  the  tosi  twenty-tour  bom?  aftsm 
ing,  the  t(st-piecx^  shoulc  ht  kep;  in  moi>i  air  to  prevent  liiem  tram  dniiig 
A  moist  close t  or  chamber  i<  >f •  easily  de\*isec  thai  the  use  of  the  damp  cioth  iii 
be  abandonee  if  possihk  Covering  ihr  tcsi-piecef  with  a  damp  dott  k  0 
tionabU ,  as  common h'  useci.  becaust  tht-  cloth  may  dry  out  miequaliy,  amLic 
seoiiena .  tht  tcs!-r«ecr>  an-  no:  al.  maintained  miderthe  same  fxmditiac.  IR 
a  mof>:  close:  i>  "no:  a\'aitar>k.  Ji  cioth  may  ht-  used  and  kept  msifonchwc 
immersini:  the  end>  ir.  water.  1:  shoulc  ht  kept  from  direct  amtacr  wzCL  tiv 
pieces  bv  TneAn>  o:  l  wirt  scrrer.  or  si^nic  similar  arransremeni. 

A  mois:  close:  consists  of  u  soapstonv  or  slate  box.  or  a  mexal4iiiec  wooda 
— fhe  metal  liniiu:  tvunij  covere.:!  vritr;  iel:  and  this  fell  kep:  wci.  Tbe  bonoma 
box  i>  s<  •  cnnsrructei:;  a>  •«  hole  water,  ami  tht  fades  art  provided  vritr  cieii 
holdinc  triass  shelves  nr  whirr,  tr  plact  tht  briquettes.  Caie  idioxik:  brttki 
keep  the  air  ir  th:^  dose:  imiionr.tv  mois; 

After  rwentv-fnuT  hocr-  i:  mois   air  tn;   tes! -pieces for  loniEerpeiiods  of: 
shouU";  be  immerse.;:  ir  waif  maint^nec.  a-  ne-ar  21^  C.  fTc*"  F. i  asp 
:nfv  mav  be  stored  in  tan£s  cr  naa^    wn.ci.  snoulc  be  of 
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etuiU  Sbrength.  —  The  tests  may  be  made  on  any  standard  machine.  A  solid 
1  clip,  as  shown  in  Fig.  119,  is  recommended.  This  clip  is  to  be  used  without 
ioning  at  the  points  of  contact  with  the  test-specimen.  The  bearing  at  each 
t  of  contact  should  be  \  inch  wide,  and  the  distance  between  the  center  of 
ict  on  the  same  clip  should  be  ij  inches. 

est-pieces  should  be  broken  as  soon  as  they  are  removed  from  the  water,  the 
being  applied  imiformly  at  the  rate  of  about  600  pounds  per  minute.  The 
age  tests  of  the  briquettes  of  each  sample  should  be  taken  as  the  strength, 
uding  any  results  which  are  manifestly  faulty. 

^.onstancy  of  Volume.  —  The  object  is  to  develop  those  quab'ties  which  tend  to 
roy  the  strength  and  durability  of  a  cement.  As  it  is  highly  essential  to  deter- 
e  such  qualities  at  once,  tests  of  this  character  are  for  the  most  part  made  in  a 
'  short  time,  and  are  known,  therefore,  as  accelerated  tests.  Failure  is  revealed 
Tacking,  checking,  swelling,  or  disintegration,  or  all  of  these  phenomena.  A 
ent  which  remains  perfectly  sound  is  said  to  be  of  constant  volume. 
Tests  for  constancy  of  volume  are  divided  into  two  classes:  (i)  normal  tests,  or 
e  made  in  either  air  or  water  maintained  at  about  21**  C.  (70°  F.),  and  (2) 
ilerated  tests,  or  those  made  in  air,  steam,  or  water  at  a  temperature  of  45®  C. 
f  F.)  and  upward.  The  test-pieces  should  be  allowed  to  remain  twenty-four 
rs  in  moist  air  before  inunersion  in  water  or  steam,  or  preservation  in  air. 
'or  these  tests,  pats,  about  7 J  cm.  (2.95  inches)  in  diameter,  i\  cm.  (0.49  inch) 
k  at  the  center,  and  tapering  to  a  thin  edge,  should  be  made,  upon  a  clean  glass 
e  [about  10  cm.  (3.94  inches)  square],  from  cement  paste  of  normal  consistency. 
Sormal  Test.  —  A  pat  is  immersed  in  water  maintained  as  near  21®  C.  (70°  F.) 
ossible  for  28  days,  and  observed  at  intervals.  A  similar  pat  is  maintained  in 
at  ordinary  temperature  and  observed  at  intervals. 

iccelerated  Test.  —  A  pat  is  exposed  in  any  convenient  way  in  an  atmosphere  of 
m,  above  boiling  water,  in  a  loosely  closed  vessel  for  three  hours. 
To  pass  these  tests  satisfactorily,  the  pats  should  remain  firm  and  hard,  and 
V  no  signs  of  cracking,  distortion,  or  disintegration.  Should  the  pat  leave  the 
e,  distortion  may  be  detected  best  with  a  straight-edge  applied  to  the  surface 
ch  was  in  contact  with  the  plate.  In  the  present  state  of  our  knowledge  it 
lot  be  said  that  cement  should  necessarily  be  condemned  simply  for  failure  to 
i  the  accelerated  tests,  nor  can  it  be  considered  entirely  satisfactory  if  it  has 
ied  these  tests. 

ERICAN  SOCIETY  FOR  TESTING  MATERIALS'  SPECIFICATIONS 

FOR    CEMENT  (Nov.  14,  1904). 

.  General  Conditions  —  (a)  All  cement  shall  be  inspected. 
V)  Cement  may  be  inspected  either  at  the  place  of  manufacture  or  on  the  work. 
:)  In  order  to  allow  ample  time  for  inspecting  and  testing,  the  cement  should 
lored  in  a  suitable  weather-tight  building  having  the  floor  properly  blocked  or 
d  from  the  ground. 
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1.  A  pat  b  then  kept  in  air  at  normal  temperature. 

2.  Another  is  kept  in  water  maintained  as  near  70**  F.  as  practicable. 

These  pats  are  observed  at  int^rvab  for  at  least  28  days,  and,  to  satisfactorily 
pass  the  tests^  shoold  remain  firm  and  hard  and  show  no  signs  of  distortion,  dieck- 
ing,  cracking  or  disintegrating. 

3.  Portland  Cement  —  DffinUum,  —  This  term  is  applied  to  the  finely  pul- 
iperized  product  resulting  horn  the  calcination  to  incipient  fusion  of  an  intimate 
mixture  of  im>perly  proportioned  argillaceous  and  calcareous  materials,  and  to 
which  no  addition  greater  than  3  per  cent  has  been  made  subsequent  to  calcination. 

(a)  Specific  Gravity,  —  The  specific  gravity  of  the  cement,  thoroughly  dried  at 
100°  C,  shall  be  not  less  than  3.10. 

Qf)  Fineness,  —  It  shall  leave  by  weight  a  residue  of  not  more  than  8  per  cent 
OQ  the  No.  100  sieve,  and  not  more  than  25  per  cent  on  the  No.  200. 

(c)  Time  o/SetHng.  —  It  shall  develop  initial  set  in  not  less  than  thirty  minutes, 
but  must  develop  hard  set  in  not  less  than  one  hour  nor  more  than  10  hours. 

{d)  Tensile  Strength.  —  The  minimum  requirements  for  tensile  strength  for 
briquettes  one  inch  square  in  section  shall  be  within  the  following  limits,  and  shall 
show  no  retrogression  in  strength  within  the  periods  specified:* 

Age.  NEAT  CEMENT.  Strength. 

24  hours  in  moist  air 150-200  lbs. 

7  days  (i  day  in  moist  air,    6  days  in  water) 450-550   " 

28  days  (i  day  in  moist  air,  27  days  in  water) 550-650   " 

OXE   PART  CEMENT,   THREE   PARTS   SAXD. 

7  days  (i  day  in  moist  air,    6  days  in  water) 150-200   " 

28  days  (i  day  in  moist  air,  27  days  in  water) 200-300   " 

(e)  Constancy  of  Volume.  —  Pats  of  neat  cement  about  three  inches  in  diame- 
ter, one-half  inch  thick  at  the  center,  and  tapering  to  a  thin  edge,  shall  be  kept  in 
moist  air  for  a  period  of  twenty-four  hours. 

1.  A  pat  is  then  kept  in  air  at  normal  temperature  and  obser\ed  at  inter\*als 
for  at  least  28  days. 

2.  Another  pat  is  kept  in  water  maintained  as  near  70°  F.  as  practicable,  and 
obsenxd  at  inter\'als  for  at  least  28  da  vs. 

3.  A  third  pat  is  exposed  in  any  convenient  way  in  an  atmosphere  of  steam, 
above  boiling  water,  in  a  loosely  closed  vessel  for  five  hours. 

These  pats,  to  satisfactorily  pass  the  requirements,  shall  remain  firm  and  hard 
and  show  no  signs  of  distortion,  checking,  cracking,  or  disintegrating. 

(/)  Sulphuric  Acid  and  Magnesia.  —  The  cement  shall  not  contain  more  than 
1.75  per  cent  of  anhydrous  sulphuric  acid  (SO3),  nor  more  than  4  per  cent  of  mag- 
nesia (MgO). 

♦For  example,  the  minimum  requirement  for  the  twenty-four-hour  neat-cement 
lest  should  be  some  specified  value  within  the  limits  of  150  and  200  pounds,  and  so  on 
for  each  period  stated. 
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rame  ■m'lr^.,     Ah-^^iute  ore^-rure  is  always  meant    mif^  otierat 

Prf.'.ure  M/kl-  tiu  ilmn<:phere  ia  ■isuaily  reckoned  in  rnrhesof 
mercur.'  from  :he  aimosoheric  oressure.  so  :har  2Q-.ij  :nche<  -r-ji 
corre^f/ond  t;  a  perfect  vacuum  at  ^ca-ieveL  ladnide  oc". 

86.  Mcasommit  of  Pmmre.  —  Pressure  is  alwavs  meaiuT^  is 
a  f\\\ltTtnc,t,  'hat  i.s.  an  pressure  above  or  bebw  some  other  iresjus. 
Although  'here  are  apparent  exceptions,  no  instmineni  has  roib 
been  deviled  xhich  actually  measures  absolute  pressure.  I:  xcdd 
seem  at  first  -izht  as  •houzh  the  barometer  measured  :he  ahsoha 
pressure  of  the  atmostihere  and  :hus  formed  an  exceDtion  x  'Ja 
njle.  What  it  reailv  fioes  is  to  measure  the  difference  faetween  ic 
atmo-pheric  pressure  and  'he  pressure  of  mercury  vapor  and  any 
other  :£a.-  present  in  the  upper  pan  of  the  barometer  r.ibc.  The 
correrrion  'hus  marie  necor^ar/  is.  however,  alwavs  neidieible. 

The  common  rjresr^ure  measurements  are  ail  made  &om  the  arrcoy 
pheric  pre-r^ure  as  a  base,  that  i.s,  they  are  pressures  En  pounds, 
or  feet  or  inches  of  water  or  mercur.'  abrjve  or  below  atmosphere. 
For  a  knowledge  of  absolute  pressure  it  is  therefore  necessary  to 
arid  to  or  -ubtract  from  the  atmo;ipheric  pressure  at  the  time  of 
measurement. 

The  in-truments  for  mea.surint:  pressures  divide  themselves 
natumlly  into  f.vo  da.-- -e^.  Those  for  low  pressures^  say  up  to  about 
r;  ixHinri-  above  atmr^-phere.  and  those  for  higher  pressures.  To 
a  f  erain  extent  the  types  u.-ed  for  measuring  the  higher  pressures 
an-  A-ii  u-er|  beIr*M-  r>  pounds,  but  they  become  less  accurate  as 
'\\i'  ^ip— 'in:  to  i-^e  mca.-uretl  decreases.  The  low-pressure  measur- 
I n '/  '\i\'.<r^  -jen era!  1  y  take  t h e  f( > rm  known  as  Ma nomeUrs;  those 
f'>r  :."'/;i«T  ;>rr---;re^  arc  'generally  s<jme  form  of  gauge. 

Hrj.  Manometers.  The  term  m*inomr:ter  is  frequently  applied 
'<,  Af.-  a-i^ara^'i-  for  ihr  measurement  of  [Tessure,  although  it  is  the 
■.r,i*'>.-  of  Am<Ti<  ;in  r-n-jinccr-  Xo  u.^e  this  term  onlv  for  short 
(f.\,ruxi  \\\\i-(\  ■,'i'!-i  men. 'jr\,  v.arer  or  other  liquid  and  used  to 
.'/:'  .\-Mrv  -.xxvaW  pn^-un:-..  The  pressure  is  measured  in  the  ordinary 
■  I-.'  Mth^T  ;t!>o  ..  in"  i;<:io-vv  the  at.mo>phere.  To  convert  this  into 
.:,'.!  I*'  pr*  >^'.n-  "..-id  the  -urn  *>i  ban^meter  and  manometer 
r'l'I.i.:'  ih  -Ik-  i.r-.t  f  a^e  and  \.\\f  difference  between  them  in 
Wit     n(t\\(\    i,\',i'..     All    readiriga    muat    be    in    the   same   units. 
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:  manometers  in  common  use  are  glass  or  metal  tubes,  either 
bipe  in  form,  as  iu  Fig.  121,  or  straight  and  connected  to  a 
:m  of  considerable  cross-section,  as  shown  in  Fig.  123. 


—Cistern  Manometeb. 


tessures  below  the  atmosphere  can  be  measured  equally  well 
»)nnecting  to  the  long  branch  of  the  tube  and  leaving  the  short 
nch  open  to  the  atmosphere. 

B.  U-«liaped  ManomBter.  — In  the  U-shaped  tube,  with  any 
n,  as  shown  id  Fig.  lai,  mercury,  water,  or  other  liquid  is 
red  in  both  branches  of  the  tube  and  the  pressure  is  apjilicd 
he  top  of  one  of  the  tubes.  When  no  pressure  is  applied,  the 
lid  will  stand  at  the  same  level  in  both  tubes;  when  pressure 
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is  applied,  it  is  depressed  in  one  tube  and  raised  in  the  other.  The 
pressure  above  or  below  atmosphere  corresponds  to  the  vertical 
distance  between  the  surface  of  the  liquid  in  the  two  tubes  and  cm 
be  reduced,  as  explained  in  Article  85,  to  pounds  pressure  per 
square  inch. 

An  inch  of  water  at  a  temperature  of  70°  F.  corresponds  to  a 
pressure  of  0.0361  pound;  an  inch  of  mercury,  to  0.4905  pound. 
The  principle  of  action  of  the  U-shaped  manometer-tubes  is  ai 
follows:    Consider  the  atmospheric  pressure  as  acting  on  one  ride 
of  the  tube,  and  the  pressure  which  is  to  be  measured  and  wUcft 
is  greater  or  less  than  atmospheric  as  acting  on  the  other  sHk 
The  total  absolute  pressure  in  each  branch  of  the  tube  muflt:te 
equal,  consequently  enough  liquid  will  flow  from  the  side  of  fle 
greater  to  the  side  of  the  less  to  maintain  equilibrium.    Thus  Hi 
p  be  the  atmospheric  pressure  and  ^^  the  absolute  pressure  to  Kfr- 
raeasured,  both  expressed  in   inches  of  water  or  mercury;  k  the 
height  of  the  column  on  the  side  of  the  atmosphere;  h^  the 
on  the  side  of  the  pressure,  the  latter  both  measured  above 
reference  line.     Then,  if  h  and  p  are  expressed  in  the  same  unili^p^ 

from  which 

1 

A  very  important  measurement  commonly  made  by  means  of 
U-shaped  manometers  is  that  of  chimney  draught.  So  important 
is  this  use  that  many  special  types  of  such  manometers  have  been 
produced  for  the  purpose.  They  are  generally  known  as  DraugUr 
gauges, 

A  very  complete  draught-gauge  of  the  U-shaped  manometer  type, 
with  attached  thermometer  and  a  movable  scale  the  zero  of  which 
can  be  set  to  correspond  to  the  lower  water  surface,  is  shown  in    ^ 
Fig.  123  as  designed  by  J.  M.  Allen  of  the  Hartford  Boiler  Insur-    , 
ance  Co. 

A  draught-gauge  designed  by  the  author  is  ^hown  in  Fig.  124- 
This  gauge  is  arrstnged  so  that  one  scale  will  give  difference  ineleva-    ] 
tion  of  the  liquid  in  the  two  columns.     This  is  accomplished  by  set-  ^ 
ting  the  collar  F  to  the  lower  meniscus  of  the  liquid  by  the  screw  &   ' 


MEASUREMENT  OF  PRESSURE 


171 


Qg  the  collar  H  to  the  meniscus  of  the  liquid  in  the  other 
means  of  the  micrometer-screw  R,  the  height  of  the 
r  be  read  on  the  attached  scale  and  the  micrometer- 
"be  redection  from  the  two  edges  of  the  meniscus  enables 


—  DKAIKJHTmAIIGE. 


Fig.  114.  —  Dkadghi-gauoe. 


be  set  with  great  accuracy.     The  inches  and  tenths 
;  read  on  the  attached  scale,  the  hundredths  of  inches 
iations  of  the  micrometer-screw  R. 
n-manometer.  —  In  the  case  of  a  manometer  of  the 

125,  the  cistern  or  vessel  into  which  the  tube  iscon- 
i  large  area  relative  to  that  of  the  tube.  Pressure  is 
e  top  of  the  hquid  in  the  cistern,  the  surface  of  which 
ressed  a  small  amount,  and  the  liquid  in  the  tube 
i  an  amount  sufficient  to  balance  this  pressure.  The 
)ve  atmosphere  corresponds  to  the  vertical  distance 
■face  of  the  hquid  in  the  tube  to  that  in  the  cistern. 
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-vl-irh  :t  T.e  !en2th  'ne  crraduarinn  shonid  *-e  n: 
"o  iilo-'.'  :or  fail  or  .-nercuiy  ia  the  ciaem  '^T^r  pre 
a  •  riii.i-  -:'r:ai  '•>  '-Hi:  ;:riuiid  of  pressure. 

T'i    Tiak^-    'hi-    '.orrertion  appikabie   the  area 
f     -.  — ,-«^r;(,n     I    jt^th  tube  and  dstexn  should 

90.    Mercury  Coiuxnns.  —  Mercmy  columns,  as 

:«*'.''  n  •:":♦:  "..ihoratr.rr-..  ire  usuailv  made  on  tbc 
,-'rf  ol^'  'A  '  .*:  i-t:m-manoraeter.  The  tube  is 
•-•r-  i'-iH'/  /iri'i  Tuvie  uf  ziais  or  steel  carefully 
-.'^vr'-^!  -.  .•  'o  1  -r.iform  iiameter.  If  the  tube  is  of 
/I:;  •  .■;.'••  •:'-:7r;t  -'jf  mfrrcur.*  can  be  readily  perceived 
iri'l   Tf-if\:  .i    ,i  -u:f:{.  *.he  height  of  the  moxurv' is 
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oually  obtained  by  a  float,  which  in  some  instances  is  connected 
>  a  needle  ^which  moves  aroimd  a  graduated  dial. 

In  some  of  these  instruments  electric  connections  are  broker 
'Lenever  the  mercury  passes  a  certain  point,  and  an  automatic 
agister  of  the  reading  is  made.  Fig.  125  shows  the  usual  form  oi 
me  mercury  column,  in  which  the  pressure  is  applied  in  the  uppei 
art  of  the  cistern,  so  as  to  come  directly  on  the  top  of  the  mercury, 
1  the  case  of  a  glass  colunm  the  graduations  are  usually  made  on 
a  attached  scale,  and  are  corrected  as  explained  in  Article  89  foi 
le  fall  of  mercury  in  the  cistern. 

Corrections    to    the    Mercury   Column.  — The  mercury  column 

usually  the  ultimate  standard  by  which  all  pressure-gauges  arc 
ftmpared,  and  its  accuracy  should  be  thoroughly  established  in 
rcry  particular. 

The  requirements  for  an  accurate  mercury  coliunn  are: 

1.  Uniform  bore  in  cistern  and  tube. 

2.  Accurate  graduations. 

The  corrections  to  the  readings  are: 

1.  For  Inaccuracies  0/ Graduation.  — As  it  is  impossible  to  make 
e  graduations  perfectly  accurate,  the  error  in  this  scale  should  be 
refully  determined,  and  the  readings  corrected  accordingly. 

2.  For  expansion  of  the  mercury,  tube  and  scale  due  to  increase 
temperature. 

The  miethod  of  correcting  for  expansion  of  the  mercury  and  the 
Uerial  enclosing  it  would  be  as  follows: 

lL,et  i  equal  the  coefficient  of  lineal  expansion  of  the  mercury, 
Ml  3^  that  of  the  cubical  expansion  per  degree  Fahr.;  let  d  equal 
|fc  coefficient  of  lineal  expansion  of  the  metal  of  the  cistern,  and  d* 
Iftt  of  the  material  of  the  tube.  Let  H^  equal  the  depression  in 
|fe  cistern,  A'  the  corresponding  elevation  in  the  tube  corresponding 
pressure  of  one  pound,  and  a  diflference  of  level  of  b\  Let  b 
the  difference  of  level  corresponding  to  a  pressure  of  one  pound 
im  temperature  of  60°  F.     Then,  as  before, 

_       A'b'     ^     A(i-f  2^)6(1  4-3^)     . 
""  a'  +  A'      a{i  +  2d')  +A{i  +  23) 
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3.    Far  the  Capillary  Aaion  of  the  Tube,  —  This  force 
mercury  In  the  tube  a  distance  which  ^^^-r^Ti^^m^  rapidlj  as 
eter  increases. 

The  amount  of  this  depression  is  given  in  LoiHms's 
as  follows: 


of    • 


Tube. 
Inch. 


lacfa. 


5  05 

0.205 

0.  10 

0.141 

c  15 

0.087 

C.20 

0.058 

0.25 

0.041 

0  30 

0  029 

'y\^ 

0  021 

I 


Tube. 


a.40 

3-45 
0.50 

a.6o 

a.70 

o.do 


a. 015 
a.ai2 
a. 008 

C.CX34 

3.0023 

S.30I2 


Variations  in  the  bore  of  tube  might  cause  slight  Tariaaoiisi 
the  value  of  this  correction. 

4.  There  should  also  be  considered  a  very  slight  OKiectiGiiT  dot- 
to  the  fact  that  the  force  of  gravity  in  different  latitudes  varies  sqbi 
what.  Since  the  weight  of  a  given  mass  of  mercury  is  equal  to  Ik 
product  of  the  mass  into  the  force  of  gravity,  it  will  vary  direcdf 
as  the  force  of  gravity,  or,  in  other  words,  the  assumed  weight  q{ 
mercurv'  mav  not  be  exactly  correct. 

While  it  is  well  to  give  all  these  corrections  their  true  weight,  yet 
a  false  impression  should  not  be  incurred  concerning  their  impor- 
tance. It  is  hardly  probable  that  the  corrections  for  change  ia 
temperature,  or  corrections  for  the  difference  in  the  force  of  gravity 
from  that  at  the  sea-level  on  the  equator,  would  in  any  event  make 
a  sfrnsible  difference  in  the  readings  of  any  account  in  engineering 
practice. 

91.  Multiplying  and  Differential  Manometers.  — In  many  cases 
the  orrlinary  U-shaped  manometer  does  not  indicate  suffickntly 
small  pressure  variation  for  the  work  in  hand.  For  such  purposes 
i^  i->  customary  to  use  multiphnng  manometers.  These  divide 
rouGjhIy  into  t'.vo  clas-c*s:  mechanical  multiplying  manometers  and 
din^-r^nUal  multiplying  manometers.  Descriptions  of  both  types 
arc  '/y:{'j\  bclo'.v. 
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e  case  of  the  U-shaped  instruments,  many  of  the  best  forms 
lying  maDometers  have  been  produced  for  measuring 
Iraughts  and  are  known  as  draught-gauges. 
chanical  Multiplying  Manometers.  — A  form  of  multiply- 
imeter,  commonly  known  as  PecliCs Draught-gauge,  is  shown 
26.  It  consists  of  a  bottle,  A,  with  a  mouthpiece  near  the 
into  which  a  tube,  EB,  is 

with  any  convenient  in- 
n.     The  upper  end  of  the 

bent  upward,  as  at  BK, 
onnected    with    a    rubber   ' 
KC,  leading  to  the  chim- 

The  tube  is  fastened  to  a  convenient  support,  and  a  level,  D, 
ttbed.  To  use  the  instrument,  first  level  it,  note  reading  of 
.tben  attach  it  to  the  chimney,  and  take  the  reading,  which  will 
i  the  inclination  is  one  to  five,  five  times  the  difference  of  level 
"»  bottle  and  tube.  The  scale  should  be  graduated  to  show 
^•"ices  of  level  in  the  bottle,  and  thus  give  the  pressure  directly 
Wies  oi  water.    A  rommercial  form  of  this  gauge  is  shown  in 


a6.  —  Dkadoht-gauge. 


LV-*", 


K>.  1J7.— Mdltiplxino  Draoght-gadce. 


modification  of  this  instrument,  known  as  the  Sar- 
lieFr*"*"'^''  '*  ^"^  '"  ^8-  "8-  The  functions  of  the  bottle, 
iwj*".*'^  "re  performed  by  the  nickeled  brass  tube  about  which 

■  <rf  Pe^i*"-™^'  "^^  ^^"^  *'''*^^  ^^^^  ^^^  "^'^^  "'  *^^  inclined 
M  j5r*!  ■*  *°«de  of  transparent  celluloid  and  the  height  of  the 
^Mvif       **  **^  by  means  of  the  scale  carried  on  the  metal 
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Another  form  of  this  class  of  manometers  is  sbown  m  Fiz.  i2%\ 
as  designed  bv  Mr.  C.  P.  Higgins,  of  Philadelphia.     The  gauge  ii 
filled  with  water  above  the  level  of  the  horizontal  tnbe.  in  sadi 
manner  as  to  leave  a  bubble  of  air  about  one-half  inch  kmz  nearooe 
end  of  the  horizontal  tube  when  the  water  is  level  in  the  side  tobci 
The  inside  diameter  of  the  vertical  tubes  being  the  same,  saj  on] 
half  inch,  and  that  of  the  horizontal  tube  one-eighth  of  an  indm 
draught  or  pressure  equivalent  to  one  inch  in  water,  or  which  il| 
cause  the  water-level  in  the  vertical  tubes  to  varv  one  inch.  wilicaJBa 
the  bubble  in  the  tube  to  move  eight  inches  in  the  horizontal  tube:' 
In  general,  the  air-bubble  moves  a  distance  inversely  proportioodi 
to  the  area  of  the  tubes,  and  hence  this  gauge  can  be  read  wm 
accurately  than  the  ordinary  manometer. 


Fig.  128. —  Sargent 

D  It.\UGHT-G  AUGE. 


Fig.  120.  —  HiGGiNs's 
Draught-gauge. 


Fte*"  130. —  KxsnfB 
Dradght-gaugi. 


Fig.  130  shows  a  draught-gauge  designed  by  Prof,  Wm.  ELoit, 
the  dimensions  of  which  are  marked  on  the  figure,  although  they 
are  not  material  for  its  operation.  The  gauge  consists  of  a  cup,  B, 
which  is  partly  filled  with  water,  and  an  inverted  cup.  A,  suspended 
above  the  cup,  B,  by  a  s[)ring,  C,  with  the  lower  and  open  end  sob- 
merged  in  the  water  of  the  cup,  B.  The  tube,  £,  extends  throu^ 
the  side  of  the  cup,  jB,  with  its  upper  end  projecting  above  the  surface 
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e  water  in  the  cup,  By  and  is  extended  by  suitable  connection  to 
lue. 

this  connection  the  pressure  in  the  inverted  cup,  A,  is  reduced 
It  in  the  flue  where  the  pressure  is  to  be  measured,  putting  a 
T  load  on  the  spring,  C,  which  causes  it  to  elongate.  The 
It  of  elongation  will  be  proportional  to  the  reduction  in  pressure 
in  be  determined  by  the  use  of  a  suitable  scale,  the  values  of 

are  found  by  calibration.  It  is  evident  that  the  distance 
h  which  the  cup,  A,  will  move  is  dependent  upon  the  area  of 
5S-section  and  the  strength  and  length  of  the  spring,  C,  and 
mersion  in  the  water.  Commercial  forms  of  this  type  of  in- 
nt,  in  which  the  movement  of  the  cup.  A,  is  magnified  by 
i  means,  are  now  made. 

yifferetUial  Multiplying  Manometers.  — A  class  of  multi- 
manometers  in  which  two  liquids  of  diflferent  specific  gravities 
d  are  known  as  differential  manometers.     Their  theory  can 


Azea  A 


Fig.  131. 


j^pproached  by  first  considering  a  simple  but  impracticable 
cal  multiplying  manometer,  as  shown  in  Fig.  131.  It 
of  a  U-tube  enlarged  at  the  upper  ends  and  fitted  with  the 
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small  frictionless  piston,  P,  as  shown.    The  device  is  filled  to  tl»| 
level  indicated  with  any  liquid,  such  as  water. 
If  now  the  same  unit  pressure  p  exist  above  each  surface, 

p  +  hji  =  p  +  h^;     h^d  «  hji, 

where  d  stands  for  density  of  liquid. 

Increasing  the  pressure  above  the  left-hand  surface  by  A^,  thtf 
surface  will  sink  a  distance  x  and  the  piston  will  move  down  a  dis- 
tance greater  in  the  proportion  — ,  that  is,  a;  — 

a  a 

Writing  the  equation  for  equilibrium  for  these  conditions 

A*  A  ' 

p  +  \p  +  h^d-  xd  +  X  —  9  -=  p+  h^  +  x8  +  x  —  d; 

a  a 

and  since 

h^d  =  V 
it  follows  that 

^p    =^    2  Xdy 

which  is  exactly  the  same  result  as  for  the  ordinary  U-tube. 
If  instead  of  reading  the  fall  or  rise  of  the  upper  surface,  the  &A 

or  rise  of  the  piston  is  read,  the  actual  distance  read  will  be  —  greater 

a 

than  x;   therefore    the   iruiication    of  the  instrumeni  can  be  tnoik  - 

larger  than  that  of  the  ordinary  U-shaped  manometer  for  the  same  \ 

pressure  difference.  [ 

The  use  of  the  solid  piston  is  of  course  impracticable,  so  that  aB  - 
actual  instruments   substitute  the  film  between  two  non-mixable 
liquids  in  its  place.     In  general,  however,  the  two  liquids  will  not 
have  the  same  densities  and  the  theory  of  the  instrument  is  then 
as  follows: 

To  develop  the  equation  for  this  case,  imagine  a  liquid  of  densitjr 
*i,  to  occupy  the  space  above  the  piston  in  Fig.  131,  and  some  other 
liquid  with  greater  density,  d^,  and  not  mixable  with  the  first,  to  ^ 
occupy  the  rest  of  the  space  in  the  manometer,  that  is,  the  right  leg 
and  the  part  of  the  left  leg  below  the  piston.  Now  remove  the 
piston.     With  the  same  external  pressure  on  both  legs  the  smface 
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[  contact  will  move  upward  or  downward,  as  the  case  may  be,  until 

tie  heads  h^  and  h^  being  measured  above  the  surface  of  contact 

IS  they  were  previously  measured  above  the  piston. 

Applying   A^  to  the  left  leg  the  equation  for  equilibrium  will 

BOW  be 

/A  A 

p  -{-  ^p  +  kji^  -  *d^  +  X  ^  d^  ^  p  -^  h^^  +  x8^  +  X  -  dt; 

^  a  a 

jiving 

In  practice  the  enlargements  at  the  upper  ends  of  the  tubes  are 
usually  made  of  metal,  so  that  the  movement  x  cannot  be  observed. 
The  measurement  may  be  transferred  to  the  dividing  surface  be- 
tween the  two  liquids,  provided  this  surface  can  be  clearly  recog- 
nized. Where  the  liquids  used  are  both  water-white,  as  is  the 
case  with  the  pair  most  commonly  used,  that  is,  alcohol  and  gaso- 
line, it  is  possible  to  clearly  define  this  surface  and  its  movement  by 
cokring  either  one  of  the  liquids. 

Smce  ^  — then  becomes  the  quantity  observed,  a  better  form  for 
a 

the  equation  of  the  instrument  would  be 

.    The  result,  since  the  densities  ^  are  expressed  with  reference  to 

A 
water,  is  A^  in  water-inches,  if  .v  —  is  expressed  in  inches. 

a 

Note  that  the  smaller  the  factor  in  brackets,  the  greater  will  be 

A 

X-  for  the  same  value  of  A/>;  that  is,  the  smaller  this  factor  the 
a 

fnore  sensitive  will  the  instrument  be.     To  get  a  big  multiplication, 

d 
therefore,  make  -  as  small  as    possible,  and    choose    two   liquids 

A 

whose  densities  are  very  close  together. 
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The  actual  value  of  the  pressure  difference  which  causes  a  given 
movement  of  the  surface  of  contact  may  be  determined  by  calcu- 
lation from  the  equation  above  or  by  actual  calibration.  The 
latter  method  is  always  preferable. 

Another  modification  of  this  type  is  shown  in  Fig.  132.  The 
heavier  liquid,  density  d^,  is  placed  in  the  lower  part  of  the  manometer 


Fig.   132. 

and  the  lighter  with  density  d^  in  the  upper  part.  The  two  enlaxgDr 
ments  are  connected,  as  shown,  by  a  tube  containing  a  vab^ 
By  opening  the  valve  when  the  pressure  is  the  same  on  both  up] 
surfaces  the  two  upper  surfaces  will  assume  the  same  level  and 
two  surfaces  of  contact  will  assume  the  same  level.  If  the  vail 
is  then  closed  and  additional  pressure  Ap  applied  to  the  left  leg 
equation  for  equilibrium  is 

A  A  A 

p+Ap  +  h^d^-xd^  +  x  -  d^^^p  +  h^d^  +  xd^-x-  3.  +  2X-»i 

a  a  a    ' 

and 

at      A 
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Flo.  137. — 'DiAPBKAGii  Gacob. 


1 84 


EXPERIMENTAL  ENGINEERING 


The  motion  given  the  plate  is  transmitted  to  the  hand  in  wayssiimlit 
to  those  just  explained. 

In  Fig.  137  the  pressure  is  exerted  on  the  corrugated  diaphngm 
below  the  gauge,  and  the  motion  is  transmitted  to  the  hand  by  the 
rods  and  gears  shown  in  the  engraving. 

The  construction  shown  in  Fig.  138,  in  which  the  diaphragm  is 
vertical,  is  as  follows:  the  lever  is  in  two  parts  which  are  pivoted  U 


Fig.    138. DjAPHKAOU    GAtlGB. 

the  center;  one  end  is  fixed  to  the  frame,  the  other  connected  to  At 
sector.  The  center  pivot  is  pressed  outward  by  the  action  of  th* 
diaphragm,  drawing  the  free  end  downward  and  rotating  the  sector 
which  in  turn  moves  the  needle. 

In  gauges  of  usual  construction  of  either  class,  when  there  is 
pressure  on  the  gauge,  the  needle  rests  against  a  stop,  which  is  plK^ 
somewhat  in  advance  of  the  zero-mark,  so  that  minute  pres 
are  not  indicated  by  the  gauge.  In  the  use  of  the  instrument  tJ* 
needle  sometimes  gets  loose  on  the  pivot,  or  turned  to  the  wnH 
position  with  reference  to  the  graduations;  in  such  a  case  the  luedi 
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is  to  be  removed  enlireiy,  and  set  when  the  gauge  is  subjected  to  a 
Itnown  pressure.  These  gauges  are  also  aSected  by  heat.  Hence, 
wlien  set  up  for  use  with  a  heated  medium,  such  as  steam,  a  bent 
tube  or  a  vessel  which  will  always  contain  water  should  be  inter- 
posed between  the  gauge  and  the  hot  material.  All  the  devices 
used  for  thus  protecting  gauges  are  termed 
siphons.  The  principal  types  are  shown  in 
Fig.  139. 


Fig.  I3Q-  — Ga 


93.  Vacuum-gauges.  —Vacuum-gauges  are  constructed  in  the 
same  way  as  the  Bourdon  or  diaphragm  gauges;  the  removfd  of 
pressure  from  the  interior  of  the  bent  tube  or  diaphragm  causes  a 
motion  which  is  utilized  to  move  the  needle.  These  gauges  are 
graduated  to  show  pressure  below  that  of  the  atmosphere  corre- 
sponding to  inches  of  mercury,  zero  being  at  atmospheric  pressure. 
The  difference  between  the  reading  by  such  a  gauge  and  that 
of  the  barometer,  taken  at  the  same  time,  would  be  the  absolute 
pressure  in  inches  of  mercury. 

94.  Recording-gauges.  —  Recording-gauges  are  arranged  so  that 
the  pressure  moves  a  jjcncil  or  pen  over  a  chart  which  is  moved  at  a 
uniform  rale  by  clock-work.  The  Edson  recording-gauge  is  shown 
in  Fig.  140.  In  this  gauge  the  steam-pressure  acts  on  a  diaphragm 
which  operates  a  series  of  levers  giving  motion  to  a  needle  moving 
over  a  graduated  arc  showing  pressure  in  pounds;  also  to  a  pencil- 
arm  moving  parallel  to  the  axis  of  a  revolving  drum. 


ctt 


Kx  tT.K  rvrsT^  r.  shqseebssg. 


This  imtminent  iias  an  Arracmnent.  witkh  is  ftmcshnt  vri^  s- 
riuircn.  -A  rccoDl  .iucruaxinna  in  ±e  :ipeed  of  an  nB^ae.  cuiPiu-cliig  i 
3.  ptiilev  on  i  .'errtcai  axis  letow  'Jie  insmmieiit,  ahka.  pnileT  ^  piL 
[n  iDotioii  riv  a  :>eit  rmm  ±e  sa^ac^wit.     On  tfae  anil  pidles- 


-  EDa<i«r  fLECOBDisc 


ihai'  are  two  anvemor-baib  -rbica  chanze  their  rertkai  pteinoa  widi 
■n.r.n:'.on  in  :iie  ^peed.  avinai  correa ponding  movement  op  or  down 
V,  a  -I'-.ncM  near  'he  lower  rjan  of  ±e  'irum.  A  diagram  is  dawo 
'.r.  .vr.ich  uniionn  ;peed  woiud  be  dhown  by  a  stoi^it  line. 

F'.'j.  :^:  -.rio*T  SchattTer  i  Budenberg^'a  reconjlng-^aiige.  This 
i^  arr;tri^f;fi  v;;h  .i  rjre5.*ure-.iai:2e  belovp  the  recording  mechanisn. 
T'.ft  'inm  /!  :■  ■.;.t;r-iit-d  'jy  ciocii-work,  the  pt=u>n-nxl  C,  which 
'^rrW'  ;r.':  :.'-r.fii,  '.t:in^  moved  by  :he  pressure.  The  pencil- 
.Tiov':rri*;u ■  U  m^i^.i'.  iiKe  :hai  on  '.he  Richards  steam-en^ne  indicator. 
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Fig.  142  shows  a  portion  of  a  diagram  made  by  a  recording- 
gauge.  The  drum  is  operated  by  an  eight-day  clock,  and  arranged 
lo  rotate  once  in  twenty-four  hours.  In  the  diagram  the  ordinates 
show  pressure,  and  the  abscissse  time  in  hours  and  fractions  of  an 

hoar. 
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Fig.  143.  —  Bristol  Recording  GAfCE. 
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Figs.  143  and  144  show  one  type  of  Bristol  recording-gaugt. 
In  this  instrument  the  chart  is  circular  and  rotates  about  its 
center,  the  pressure  ordinates  being  measured  on  radiating  arcs,  u 
shown. 


Bhistol  Recording  Gaoqk. 


95.  Gauge  Calibration.  —  Gauges  are  calibrated  in  two  ways:  hj, 
comparison  with  other  gauges  with  known  error  or  by  compaxiaoa 
with  mercury  columns  or  standard  weights. 

I.  Cdiibration  by  Comparison  imtk  Other  Gauges. — For  thll 
purpose  some  form  of  pump  is  necessary.  It  generally  con^sts  oC 
a  cylinder  into  which  a  plunger  can  be  driven  by  rotating  a  band* 
wheel  and  is  fitted  with  connections  for  the  standard  gauge  and  tbe 
gauge  to  be  tested.    Fig.  145  shows  a  portable  form  of  this  apptr 
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ratus.    The  devin  sbonm  in  F1^  146  mar  be  used  tor  a  amilar 
purpose  by  patting  a  standard  gauge  in  place  of  the  manometer 

shown. 


Fig.  us- — PoBTABLE  Gatoe  Testtsc  .^ppautts. 

a.  Comparison  vitk  Mercmry  Coiumn  or  Standard  Weights.  — 
Uercury  Ct^umn. — The  apparatus  shown  in  Fig.  146  may  be 
used  for  this  purpose,  connecting  the  mercun-  column  at  £,.  This 
bstniment  con^sts  essentially  of  the  cylinder  Ccontaining  a  plunger 
operated  by  the  hand-wheel  D.  The  cylinder  is  filled  with  water 
01  other  suitable  liquid  through  the  cup  shown  and  then  ihe  same 
pressure  applied  to  both  gauge  and  test  column  by  driving  the 
plunger  inward. 

Another  convenient  method  is  to  attach  the  gauge  and  the  mer- 
curj-  column  to  a  drum  in  which  the  pressure  can  be  varit'd  by  ad- 
miltiDg  steam  or  water  under  pressure  through  a  throttle- valve. 

In  all  cases  the  gauge  should  be  tapped  before  reading  and  com- 
pirison  should  be  made  with  the  standard  both  with  the  pressure 
riang  and  with  the  pressure  falling.  This  is  necessar>-  to  minimize 
errors  due  to  friction  and  lost  motion  in  the  gauge. 

The  readings  of  the  mercur}-  column  should  be  corrected  in  accu- 
rate work  as  outlined  in  .\n.  90. 


igo 
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Fio.  146. —  Gauge  Tester  with  Mercury  Column. 

Vacuum  gauges  axe  practically  always  calibrated  by  comparij 
with  a  mercury  column.  The  necessary  vacuum  may  be  obtaii 
by  means  of  any  suitable  air-pump  or  by  connection  to  a  condenf 
The  U-shaped  manometer  shown  in  Fig.  121  is  a  convenient  fc 
for  this  purpose,  but  it  is  necessary  that  each  branch  of  the  ti 
exceed  30  inches  in  length. 

Comparison  with  Standard  Weights.  —  There  are  two  forms 

this  apparatus  for  this  purpose  on  the  market;  in  one  of  these 

pixessure  is  received  on  a  round  piston,  and  in  the  other  on  a  surf 

esactly  one  square  inch  in  area.     The  friction  in  both  cases  is  pi 

k»lly  inappreciable;  the  errors  in  areas  can  be  determined 

arisen  with  a  standard  mercury  column. 
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•f  the  forms  with  round  piston  is  known  as  the  Crosby 
sting  Apparatus  and  is  shown  in  Fig.  147.  It  is  seen  to 
•f  a  small  cylinder  in  which  works  a  nicely  fitted  piston;  this 
connects  with  a  U-shaped  tube  ending  in  a  pipe  tapped  and 
:  attaching  a  gauge.  The  tube  is  filled  with  glycerine,  or 
hich  case  a  known  weight  added  to  the  piston  produces  an 
assure  on  the  gauge,  less  the  friction  of  the  piston  in  the 
This  is  almost  entirely  overcome  by  giving  the  weight  and 
slight  rotary  motion. 


Fig.  147.  —  Standard  Weight  Gauge  Tester. 


Square-inch  apparatus  consists  of  a  tube  the  end  of  which 
area  of  one  square  inch  enclosed  with  sharp  edges.  This 
:onnected  to  the  test-pump  in  place  of  the  standard  (see  Fig. 
given  weight  is  suspended  from  the  center  of  a  smooth  plate 
ests  on  the  square-inch  orifice.  The  gauge  to  be  tested 
icted  at  £,  and  the  pressure  applied  until  the  plate  is  lifted 
ter  escapes  from  the  orifice. 
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g6.  Gmrectioa  of  GttogM.  —  H  the  califaraticHi  allows  ffrrys  i -Jk 
gauge,  they  may  generally  be  corrected;  if  the  error  Is  a  coosuat 
one,  the  hand  may  be  removed  with  a  needle^^fter,  and  moved  aa 
amount  corresponding  to  the  error,  or  in  some  gaoges  the  *iial  xij 
be  rotated-  If  the  error  is  a  gradually  increasing  or  HJTnmurfng 
one,  it  can  be  corrected  by  changing  the  length  of  the  lever-arm 
between  the  spring  and  the  gearing  by  meanft  of  adjustable  deeTes 
or  the  equivalent.  It  is  to  be  noted  that  the  pin  to  stop  the  modoii 
of  the  hand  is  not  placed  at  zero,  but  in  hi^-pressure  gangf^a 
usually  set  at  from  three  to  five  pounds  pressure. 

^.    Fonns  for  Calibratxoa  of  Gasgi 


CALIBRATION'  OF  STE.\^I-r:^ACGE   BY  COMPARISON  WITH  THE 

MERCURY  COLUMN'. 
Maker  and  So.  of  Gau^ 


Date 19     .         Observers,   { 


Xercory  Colnxmi. 


i 


^^                GsuiOB,                                    Ineiieii.  £mr. 

^'**  Ibn.  ,      ,, ,  Dm. 

Up,  D»iwn.  Xiean. 


Temperature  of  Room deg.  Fahr. 

Center  of  Gauge  above  c  of  column ft. 

Corrcction  to  column  reading lbs. 

CALIBRATION*  OF  STE.\M-CAUGE   BY  COMPARISOX  WITH  THE 
SQUARE-INCH  GAUGE,   OR   WTTH  CROSBYS  GAUGE- 
TESTING  APP.\RATUS. 
Maker  and  No.  of  Gauge 


r^ate 

If)     .          Observers,  j 

-  -  ■  • 

So. 

.      Ih..  per  tq.  In.                 ^°«*- 

Error. 

1 

4 

I 

1 

1 

CHAPTER   Vn. 
MBASUREMEHT  OF  TEMPERATURE. 

98.  Temperature. — The  term  "temperature"  is  not.ittisy  to 
Icfine.  As  a  matter  of  fact  no  definition  strictly  accurate  has  ever 
)een  given,  but  to  say  that  temperature  is  a  measure  of  the  tendency 
br  one  body  to  transmit  heat  to  another  is  probably  open  to  least 
)bjection.* 

99.  Thermometers  and  Thermometric  Materials.  — Instruments 
lesigned  to  measure  temperature  are  generally  called  thermom- 
Jters,  but,  depending  upon  the  materials  used  or  the  principle 
>f  operation,  special  names  are  often  assigned  to  the  different 
Dstruments. 

In  general,  what  is  really  done  in  measuring  temperature  is  to 
»bser\'e  the  temperature  of  the  material  of  which  the  instrument 
s  made,  the  construction  being  such  that  the  thermometer  acquires 
he  temperature  of  the  medium  in  which  it  is  placed. 

There  are  certain  properties  of  matter,  like  lineal  or  volume 
Jxpansion,  electrical  resistance,  or  the  electromotive  force  set  up 
tt  a  thermopyle,  which  vary  continuously  with  the  temperature,  and 
lay  of  these  may  therefore  be  used  to  measure  temperature. 

As  a  consequence,  the  number  of  available  thermometric  materials, 
8  well  as  the  variety  of  methods  by  which  they  may  be  employed, 
i  quite  large.  The  former  comprise  gases,  liquids  and  solids,  and 
s  far  as  the  methods  are  concerned  the  following  is  a  fairly  com- 
fcte  list : 

1.  Expansion  of  a  gas  under  constant  or  under  variable  pressure. 
Tiis  method  is  very  little  used. 

2.  Increase  in  the  pressure  of  a  gas  when  heated  at  constant 
alurae.  Of  this  class  are  all  of  the  well-known  gas  thermometers, 
ich  as  the  air  and  the  hydrogen  thermometer. 

*  See  Edser,  Heat,  for  Advanced  Students. 
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3.  Ezpansioa  of  a  liquid  under  mnsTaTif  or  variable  pTcsotK  - 
The  ordinary  mercury  and  alcohol  or  ether  tfaccniGmeters  befall 
to  this  class. 

4.  Increase  in  the  pressure  of  a  completely  confined  Qquiii  sA%- 
as  mercury.     This  method  is  also  litde  employed. 

5.  A  method  utilizing  the  relation  existing  between  the  vapa^l 
pressure  of  a  given  liquid  and  its  temperature.  Instruments  U 
on  this  principle  are  known  as  thalpotaameters,  but  are  not  mn 
used. 

6.  Expansion  of  solids.     This  usually  consists  in  noting  the  x6t 
tive  expansion  of  two  dissimilar  solids  with  respect  to  each  ocha' 
The  instruments  are  usually  known  as  expanaon  pyrometexs  and 
quite  widely  employed. 

7.  Fusion  methods,  which  usually  consist  in  exposing  a  series 
of  materials  of  known  fusing-points  to  the  effect  of  the  tempentmc 
to  be  measured  and  noting  which  of  the  series  fuse. 

8.  Calorimetric  methods,  in  which  a  body  whose  temperature  is 
to  be  measured  is  mixed  with  a  liquid  having  a  different  temper- 
ature. The  temperature  of  the  body  may  then  be  computed  br 
the  law  of  mixtures  from  the  variation  in  temperature  of  the  Uquii 

9.  Electric  methods,  either  determining  the  change  in  resistance 
of  a  given  length  of  conductor  as  the  temperature  changes,  or 
measuring  the  electro-motive  force  set  up  when  a  thermo-coupk 
is  exposed  to  the  temperature  to  be  measured.  The  u>rnier  are 
usually  known  as  resistance  thermometers,  the  latter  as  electric 
p>Tometers.  These  instruments  with  proper  handling  are  very 
accTiraie  and  much  used. 

ro.  Optical  methods.  The  instruments  based  upon  optical 
methrjd:^  may  be  of  two  kinds:  those  measuring  toial  radiaiion  from 
a  given  area  of  the  hot  body,  and  those  which  depend  for  their 
action  upon  the  intensity  of  the  luminous  radiaiion  given  off.  The 
former  are  often  called  radiation  pyrometers. 

It  ':i'ill  thus  be  noted  that  there  is  a  great  variety  in  the  methods 
which  may  be  used  to  measure  any  given  temperature.  But, 
depending  ijfjon  where  this  temperature  is  located  in  the  range, 
that  h,  low,  mrxlerate  or  hij^h.  it  ^nll  usuallv  be  found  that  one  or 
*wo  methods  should  have  the  preference.     The  most  reliable  range 
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change  of  temperature,  the  choice  of  a  proper  iberraometric  materiil 
to  be  used  as  a  standard  for  comparing  the  action  of  all  other  thermo- 
metric  materials  under  the  effect  of  varying  temperature  becomes 
very  important.  It  has  been  fomid  in  this  connection  that  hydrogen 
gas  shows  a  remarkably  constant  change  in  the  pressure  or  in  the 
volume,  as  the  case  may  be,  over  a  very  wide  range  of  temperature 
changes,  and  this,  combined  with  the  fact  :hat  the  gas  is  fairly  edSf 
to  obtain  in  a  pure  state,  has  caused  the  hydrog<:n~gas  Ihcrmomettf 
to  be  accepted  as  the  primary  standard.  This  instrument,  howev«, 
is  rather  delicate  and  requires  a  skilled  obseirer,  so  that  it  wl 
probably  always  remain  a  laboratorj'  standard.  For  this  reasoa] 
a  high-grade  mercury  thermometer,  or  other  high-grade  te!*] 
perature  indicator  of  less  delicate  nature  than  the  hydrogen- 
thermometer,  is  often  very  carefully  compared  with  the  latterJ 
and  instruments  so  calibrated  arc  then  often  used  as  standwd^l 
of  comparison,  called  secondary  standards.  In  ordinary  laboi 
tory  or  engineering  practice  the  calibration  of  thermometers 
comparison  with  secondary  standards  is  by  far  the  more  usi 
case. 

101.    Gas  Theimometers. — One  of   the  simplest   forms  of 
thermometers  is  shown  in  Fig.  14S.     It  consists  of  a  bulb  C 
of  which    is  drawn  out  into  a  rather  ftne  lube  which  is 
bent  at  right  angles  at  F.     The  rest  of  the  apparatus  consists  ofi 
manometer  FBE  and  a  source  A  of  supply  of  mercury  or 
li(}uid  to  measure  the  pressure  of  the  gas  volume  confined 
At  a  there  is  either  a  scratch  on  -he  glass  or,  in  the  better  grade 
instruments,  a  black  glass  tip  is  lused  in  the  side  of  the  lube, 
scr\'e  as  an  indicator  for  the  constant  volume  of  gas.     The  biA' 
for  the  lower  temperature  range  is  usually  of  glass;  for  the  hi 
ranges  generally  of  porcelain. 
•     The   principle  of  the    constant-volume,  gas  thermometer 
simple.    For  any  two  states  of  a  perfect  gas  we  may  write 

pV      p,V, 
T  ~    T,' 

id  T  represent  absolute  pressure,  volume  and  i 
jpectively. 
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w  in  the  constant-volume  gas  thennometer,  V  ^  V^  for  any  , 
ibservations,  hence 


T~  r,' 
f  r,  is  the  temperature  to  be  determined,  we  finally  have 

r,  -  r  ^'  • 


(4) 


(5) 


Fio.  T4S. —  pBtSTON  Ais-Thekmouetkh. 


therefore  necessary  merely  to  observe  p  for  any  convenient 
lute  temperature  T  and  to  observe  p^  for  the  temperature  T^ 
E  determined.  A  convenient  way  to  obtain  7"  and  p  is  to  usi_ 
ing  ice,  in  which  case  T  =  460  +  32  =  492°. 
and  /»,  are  absolute  pressures,  consequently  it  becomes  neces- 
to  take  barometric  readings  when  using  the  instrument.  The 
reading  that  is  really  observed  on  the  instrument  is  the  differ- 
:  in  level  of  the  liquid  in  the  branches  of  the  manometer  after 
bulb  has  attained  the  temperature  of  the  medium  to  which  it 
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^eat  care  with  which  it  has  to  be  handled  and  the  fact  that  tem- 
perature detenninations  with  it  take  considerable  time. 

The  following  rules  and  directions  pertain  primarily  to  the  air- 
thermometer,  but  they  hold  equally  well  for  any  other  gas: 

Construction  of  the  Air 'thermometer,  —  The  bulb  of  the  air- 
thermometer  must  be  filled  with  perfectly  dry  air,  as  any  vapor 
of  water  will  ntiate  the  results. 

To  accomplish  this,  the  bulb  is  provided  with  a  small  opening 
opposite  the  capillar}'  tube,  which  is  fused  after  the  dry  air  is  intro- 
duced.    To  effect  the  introduction  of  dry  air,  all  the  mercury  is 
drawn  into  the  bottle  A,  Fig.  148;  the  end  of  the  tube  E  is  con- 
nected to  a  U-tube  about  6  inches  long  in  its  branches  and  about 
}  inch  internal  diameter,  filled  with  dry  liunps  of  chloride  of  calcium 
!     and  surroimded  by  crushed  ice;  the  opening  in  the  end  of  the  air- 
I      chamber  is  connected  by  a  rubber  tube  to  an  aspirator  (a  small  in- 
I     jector  supplied  with  water  would  act  well  as  an  aspirator) ,  and  air  is 
drawn  through  for  three  or  four  hours;  at  the  end  of  this  time  the 
bulb  and  tube  should  be  filled  with  drv  air.     While  the  current  of 
air  is  still    flowing,  the  cock  B  is  opened   and   mercury   allowed 
to  pass  into  the  tubes  until  it  rises  to  the  point  a  in  the  tube  BF\ 
the  oi>ening  in  the  air-chamber  is  then  hermetically  sealed  with  a 
blow-pipt.    and   the    connections  to   the   chloride-of-calcium   tube 
removed.     This  oi^eration   nll^  the  bulb  with  air  at   atmospheric 
pressurt.     B}*  clo5in£i  the  cock  B  before  the  mercury  ha~  riser  ir^ 
the  TX)iri:  j  the  pressure  will   be   increased:   by  closing'  i:   after  i* 
has  passed  the  poin:  c  i:  will  be  diminisned.     Packing"  the  bulb  C 
in  ice.  or  neating  ii.  will  ais^C'  increase  or  dimini-h  trie  pressure  a- 
required. 

Corrcciion:  u-  DcirrmitKJtion^  b\  iiv  Air-ihrrmomcier.  — The 
correction^  to  :ne  air-mermomeier  are  all  ver}-  small,  and  aiTev* 
iht  residis  bu:  litiie  if  considered.     Tney  are: 

:.    Ca:»Iiiari:y.   or   adnesion    of   the   mervury    v     ui*.    Uijir-.     I: 
gener£  mt-  mercury  ir.  int   :v/'    :ui>er  B?    an-.;   BL     Fi;:.    14':     '•■ 
Tnovmz  in  c»i»ix>5iie  direciionr.  anu  me  ener:  o:  ad:-erior.  1-  ::ej*.ri- 
izec. 

:.   Expansion  o:  tnv  niasr.     Thi-  i-  l  smii'.    'jjn'.-\:z:    lt/.  r:.L' 
usuiJiv   be    neeiecie^.     7"::v    coe^cie::'    o:    rur:^:'.    \:-::.jj^r-j:.    i-: 
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glass  is  o-ooooi  per  degree  F.;  it  is  entirelv  neutralized  if  the  coluniB 
of  mercury  is  npt  reduced  in  am  at  the  point  of  meeting  ihe  ui 
from  the  bulb. 

3.  Expansion  of  the  mercury  should  in  even-  case  be  taken  in* 
account  by  reducing  all  observations  to  32*  F.,  the  coefEcieni  d 
expansion  being  oxxx«  per  degree  F.  Reduce  all  observatioU 
before  applying  formuhe. 

4.  Errors  in  the  fixed  scale  should  be  determined  and  observBr 
tions  reduced  before  applying  fonoula;. 

Directions  for  Use  of  the  Air-lhermomeler. 

First.  To  obtain  the  Constants  of  the  Instruments.  — Surround 
the  air-bulb  with  crushed  ice,  arranged  so  that  the  water  will  dn 
off.  Note  the  reading  of  the  mercury  column  of  the  air-thermoi 
eter  k  and  of  the  barometer  b;  by  means  of  the  attached  ihet- 
mometers  reduce  these  readings  for  a  temperature  of  the  merciiij 
corresponding  to  32°  F,  Correct  for  errors  of  graduation,  Di' 
492  by  the  sum  of  these  corrected  readings  for  the  constant  of  th( 
air-thermometer.     Call  this  constant  K. 

Second.     To   Measure  any   TetHperatare   /,. — Note   the  coi 
spending  reading  of  the  mercury  column  h^,  and  that  of  a  barometfl 
6|  in  the  same  room.     The  reading  of  the  mercury  column  plus 
of  the  barometer  will  correspond  to  6,  -t-  h^  in  the  formula 

0  -\-  h  '         * 

To  obtain  from  this  the  actual  temperature  (,,  subtract  460. 

Third.  To  Compare  a  Mercurial  Thermometer.  ^Make  simulf 
taneous  readings  of  the  thermometer,  when  hanging  in  the  charal 
which  surrounds  the  air-bulb,  and  the  height  of  the  mercury  columB 
Perform  reduction,  and  plot  a  calibration  curve  for  each  10' 
graduation. 

Fourth.     For  general  use  of  the   air-thermometer,  arrange  ill 
bulb   so    that   it    can    be    inserted    into    the   medium   whose 
piTiiturc  is  to  be  measured  with  the  manometer  in  an  ace 
position. 
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Form  for  Reducing  Air-ihermomeier  DeUrminations. 

TEMPERATURE  DETERMINATIONS  WITH  AIR-THERMOMETER. 

y 19.... 

DETERMINATION  OP  CONSTANT. 


Temperature  of  air-bulb 

Barometer  —  Reading 

Thermometer 

Reduced  to  32® 

Air-thcnnomcter  —  Reading 

Thermometer. . 

Reduced  to  32**. 

Constant  ■-  492  -*-  (6  +  A) 


Symbol. 


h 
K 


I. 


II. 


III. 


IV. 


DETERMINATION  OP  TEMPERATURE. 


Barometer. 

Air-thermometer. 

fti  +  *, 
Sum. 

Tem- 
pera- 
ture. 

Mcrctiry 
Thermometer. 

No. 

Read, 
ins. 

Ther. 

re- 
duced. 

Read- 
ing. 

Ther. 

re- 
duced. 

Read- 
iug. 

Error. 

I 

2 

3 
4 

5 
6 

7 
8 

9 
10 

...... 

11 

12 

•   ■««■• 

102.  Thermometers  employing  Liquids.  —  Under  this  general 
head  may  be  classed  several  temperature-measuring  instruments 
of  radically  dififerent  type. 

Vapor- pressure  Pyrometers  or  Thalpotasimeters  make  use  of  the 
fact  that  certain  liquids  when  heated  evolve  vapors  which,  if  con- 
fined, will  exert  a  certain  pressure  for  a  definite  temperature. 
Thus  in  the  mercury  thalpotasimeter  an  iron  tube  is  partly  filled 
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with  mercury  which,  if  heated  above  a  certain  point,  will  pvt  oS 
a  vapor  which  is  made  to  exert  a  pressure  upon  a  diaphragm,  the 
motion  of  this  diaphragm  being  communicated  to  a  pointer  moving 
over  a  scale  graduated  directly  to  degrees  by  calibration,  the  entire 
construction  being  very  similar  to  a  diaphragm  steam-gauge.  D^ 
pending  upon  the  range  of  temperature  to  which  the  instrument 
is  to  be  used,  different  liquids  are  used  as  per  following  table: 

Range,  °¥.  Liquid. 

—  85    to  4-55  Liquid  CO^ 

+  14    to  4-212  Liquid  SO^ 

95    to  250  Ether. 

212  to  440  Water. 

420  to  680  Heavy  hydrocarbons. 

680  to  1200  Mercury. 

The  main  objection  to  these  instruments  probably  is  that  they 
must  be  exposed  full  length  to  the  temperature  to  be  measured. 

Somewhat  similar  to  the  above  is  the  liquid- pressure  pyrometer^ 
which  differs  only  in  that  the  tube  is  completely  filled  with  the 
liquid  and  strong  enough  to  stand  the  bursting  strain  resulting  from 
the  tendency  to  expand.  The  recording  mechanism  is  the  same 
as  in  the  vapor-pressure  instrument.  By  connecting  the  reservoir 
holding  the  liquid  to  a  ver\'  fine  capillary  tube,  the  pressure  due 
to  expansion  may  be  transmitted  some  distance  (up  to  150  feet). 
In  this  case  varying  temperature  of  the  capillary  would  affect  the 
accuracy  of  the  readings  and  it  would  be  necessary  to  apply  a  cor- 
rection similar  to  the  stem  correction  in  mercury  thermometers. 
In  this  instrument  it  is  also  necessary  to  expose  the  entire  length  of 
tube  containing  the  liquid  to  the  action  of  the  temperature  to  be 
measured.  The  mercury-pressure  thermometer  may  be  used  in  the 
range  of  —  10  to  +  1000°  F. 

Mercury  and  Alcohol  Thermometers,  — Neither  one  of  the  two 
instruments  above  described  are  much  used,  but  the  third  kind 
under  the  general  head  of  thermometers  using  liquids,  those 
employing  the  expansion  of  liquids^  are  very  extensively  used. 
To  this  class  belong  the  ordinary  mercury  and  alcohol  ther- 
mometers. 
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The  mercurial  thermometer  consists  of  a  bulb  of  thin  glass  con- 
nected with  a  capillary  glass  tube;  on  the  best  thermometers  the 
graduations  are  cut  on  the  tube,  and  an  enameled  strip  is  placed 
back  of  them  to  facilitate  the  reading.    When  the  mercury  is 
inserted,  every  trace  of  air  must  be  removed  in  order  to  insure  per- 
fect working.*    There  are  certain  defects  in  mercurial  thermom- 
eters due  to  permanent  change  of  volume  of  the  glass  bulb,  with 
use  and  time,  that  result  in  a  change  of  the  zero-point.     In  a 
good  thermometer  the  bore  of  the  tube  must  be  perfectly  uniform, 
which  fact  can  be  tested  by  separating  a  thread  of  mercury  and 
sliding  it  from  point  to  point  along  the  tube,  and  noting  by  careful 
measurement  whether  the  thread  is  of  the  same  length  in  all  por- 
tions of  the  tube:  if  the  readings  are  the  same,  the  bore  is  imiform 
or  graduated  by  trial.    In  most  thermometers  the  graduations  are 
made  with  a  dividing  engine;  in  some  thermometers  the  principal 
graduations  are  obtained  by  the  thread  of  mercury,  as  described; 
in  the  latter  case  change  in  diameter  of  bore  would  be  compensated. 
To  determine  the   accuracy   of  temperature   measurements  ther- 
mometers   used    should   be   frequently    tested    for    freezing-point 
and    boiling-point.     The  accuracy   of   intermediate  points  should 
be  determined  by  comparison  with  a  standard  mercurial  or  air- 
thermometer. 

Mercury  freezes  at— 39®C.  (— 38.2®?.)  and  boils  at  357°  C. 
(675.6**  F.)  under  atmospheric  pressure,  so  that  these  tempera- 
tures represent  the  extreme  limits  of  use  of  the  ordinary'  mer- 
cury' thermometer.  In  practice  the  space  above  the  mercury 
in  a  thermometer  is  ver\'  often  freed  from  air  in  order  to  prevent 
oxidation  of  the  mercury.  In  this  case  the  boiling-point  is  even 
lower  than  675°  F.,  and  the  range  of  use  is  correspondingly 
narrower,  550°  F.  being  about  the  upper  practical  limit.  In 
order  to  increase  the  range,  so-called  high-reading  mercury  ther- 
mometers are  now  made  of  high-grade  glass  and  have  the  space 
above  the  film  filled  with  some  neutral  gas  like  nitrogen  or 
carbon  dioxide  under  considerable  pressure.  The  pressure  varies, 
depending    upon    the    range   to    which    the    instrument    is    to    be 

*  For  a  detailed  discusion  concerning  the  manufacture  of  mercur>'  therraomeiers 
and  the  errors  involved  in  their  use,  see  Exiser,  Heat,  for  Advanced  Students. 
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used.*  This  method  of  construction  of  course  raises  the  boiling- 
point  of  the  mercury  and  it  is  thus  possible  to  make  thermometers 
which  read  up  to  1300°  F.  They  are  very  delicate  to  handle, 
however,  the  glass  sometimes  breaking  from  the  induced  tem- 
perature strains  alone,  to  say  nothing  of  the  effect  of  any  accidental 
rough  handling. 

For  these  reasons  850  or  900°  F.  is  probably  about  the  upper 
commercial  limit  of  use  of  such  thermometers.  Experiments  have 
recently  been  successfully  made  to  substitute  quartz  for  glass  in 
order  to  produce  a  hardier  instrument,  and  mercury-quartz  ther- 
mometers have  been  made  to  read  up  to  1350®  F.,  but  at  present 
they  are  rather  too  costly  for  ordinary  use. 

The  construction  of  the  alcohol  thermometer  is  very  similar  to 
that  of  the  mercury  thermometer.  The  expansion  of  a  given 
volume  of  alcohol  is  about  ten  times  that  of  the  same  volimie  of 
mercury  for  the  same  temperature  change,  and  hence  an  alcohol 
thermometer  is  a  much  more  sensitive  instniment  than  a  mercury 
thermometer  having  the  same  bulb  and  tube.  Alcohol  further 
possesses  the  advantage  over  mercury  that  it  remains  liquid  down 
to  —  130°  C.  ( —  202°  F.)  and  may  therefore  be  used  for  reading 
extremely  low  temperatures.  On  the  other  hand,  it  boils  at 
about  78°  C.  (172°  F.),  so  that  its  upper  limit  is  not  much  above 
150°  F. 

Rules  for  the  Care  of  Mercurial  Thermometers.  —  The  following 
rules  for  handling  and  using  mercurial  thermometers,  if  carefully 
observed,  will  reduce  accidents  to  a  minimum: 

1.  Keep  the  thermometer  in  its  case  when  not  in  use. 

2.  Avoid  all  jars;  exercise  especial  care  in  placing  in  thermom- 
eter-cups. 

3.  Do  not  expose  the  thermometer  to  steam  heat  imless  the 
graduations  extend  to  or  beyond  350°  F. 

4.  In  measuring  heat  given  off  by  working-apparatus,  or  in 
continuous  calorimeters,  do  not  put  the  thermometers  in  place 
until    the    apparatus    is    started,    and    take   them   out    before    it 

♦  See  the  Bulletin  entitled  Heat  Treatment  of  High  Temperature  Mercurial  Ther- 
mometers, De]>artment  of  Commerce  and  Labor,  Bureau  of  Standards,  Reprint  No. 
32,  H.  C.  Dickinson. 
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stopped.  Be  especially  careful  thai  no  thermometer  is  over- 
nkd. 

5.  In  general  do  not  use  thermometers  in  apparatus  not  fully 
oderstood  or  which  is  not  in  good  working  condition. 

6.  Never  carry  a  thermometer  wrong  end  up. 

7.  See  that  the  thermometer-cups  are  filled  with  cylinder-oil 
•  mercury.  If  cylinder-oil  is  used,  keep  water  out  of  the  cups  or 
I  explosion  will  follow. 

8.  After  a  thermometer  is  placed  in  a  cup,  keep  it  from  contact 
ith  the  metal  by  the  use  of  waste. 

103.  Thermometers  emplojning  Solids.  —  Expansion  and  Fusion 
wometers.  —  Expansion  pyrometers  are  often  called  metallic 
lometers.  The  ordinary  instruments  sold  imder  this  name  are 
ide  of  two  metals  which  have  different  rates  of  expansion,  copper 
d  iron  being  generally  used.  The  difference  in  the  rate  of  expan- 
Q  is  employed  by  means  of  levers  and  gears  to  rotate  a  needle 
er  a  dial  graduated  to  degrees. 

In  using  the  metallic  pyrometer  no  reading  should  be  taken  until 
Ills  had  sufficient  time  to  arrive  at  the  temperature  of  the  medium 
which  it  is  exposed.  When  the  instriunent  is  first  exposed,  the 
edle  may  be  stationary  on  the  dial,  or  even  have  a  retrograde 
ition,  the  heat  at  first  affecting  the  outside  tube  only.  In  order  to 
tain  readings  to  correspond  with  the  scale  on  the  dial,  it  is  neces- 
^  to  insert  the  tube  its  entire  length  into  the  medium  whose 
toperature  is  to  be  measured.  This  is  often  not  convenient  and 
Bstitutes  one  of  the  disadvantages  of  this  type  of  instnunent  as 
Dally  made. 

The  metallic  pyrometer  is  usually  calibrated  by  immersing  in  a 
)c  filled  with  steam  under  pressure  and  comparing  the  tem- 
rature  with  that  given  by  a  calibrated  mercurial  thermometer, 
le  scale  so  obtained  is  assumed  to  be  imiform  throughout  the  range 
the  pyrometer  and  beyond  the  limits  of  the  calibration.  Com- 
rison  might  be  made  with  an  air-thermometer.  The  extreme 
ige  of  such  pyrometers  is  about  1200°  F.,  but  they  are  probably 
little  value  for  temperatures  exceeding  1000°  F. 
WedgewoocTs  Pyrometer  is  based  on  the  permanent  contraction 
clay  cylinders  due  to  heating.     This  contraction  is  determined 
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by  measurement  in  a  metal  groove  with  plane  sides  inclined  towards 
each  other.    This  pyrometer  does  not  give  uniform  results. 

The  type  of  fusion  pyrometer  is  best  exemplified  by  the  so-called 
"Seger  Cones."  These  consist  of  a  graduated  series  of  clay  pyra- 
mids about  2j  inches  high.  The  composition  of  the  clay  difiFers 
from  number  to  niunber  in  the  series.  The  range  of  temperature 
covered  is  from  about  600  to  3400®  F.,  the  diflFerence  between 
consecutive  numbers  being  in  the  neighborhood  of  40®  F.  The 
method  of  using  these  cones  consists  in  exposing  a  series  covering 
the  estimated  temperature  to  the  effect  of  the  heat  and  noting 
which  of  them  melt  down  or  fuse.  Softening  on  the  edges  or 
slight  bending  over  is  not  to  be  taken  as  failure.  The  last  of 
the  series  fused  is  taken  to  indicate  the  temperature  attained. 
It  will  be  seen  that  this  method  does  not  give  a  positive  measure- 
ment, but  it  is  often  used  to  indicate  the  temperature  of  pottery 
furnaces. 

104.  Calorimetric  Pyrometers.  — Pyrometers  of  this  class  deter- 
mine the  temperature  by  heating  a  metal  or  other  refractory  sub- 
stance to  the  heat  of  the  medium  whose  temperature  is  to  be  meas- 
ured. Suddenly  dropping  the  heated  body  into  a  large  mass  of 
water,  the  heat  given  off  by  the  body  is  equal  to  that  gained  by  the 
water;  from  this  operation  and  the  known  specific  heat  of  the  sub- 
stance the  temperature  is  computed.  Thus,  let  K  equal  the  specific 
heat  of  the  body,  M  its  weight;  let  W  equal  the  weight  of  water,  /  its 
temperature  before,  and  /'  after,  the  body  has  been  immersed; 
let  T  equal  the  temperature  of  the  heated  body,  /'  its  final  temper- 
ature.   Then 

KM{T  -t')  =  W{t'  -t). 


From  which 


W 

r  =  —  {f  -  t)  +  t'. 


In  connection  with  pyrometrical  work,  the  specific  heat  of  the 
substance  used  often  hacs  to  be  determined.  The  best  means  of 
doing  this  is  to  heat  a  piece  of  the  substance  of  known  weight  to  a 
known  temperature  and  then  to  cool  it  off  in  a  calorimeter  as  above 
explained.     With  proper  correction  for  radiation  and  water  equiv- 
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alent  of  calorimeter,  K  may  then   be  computed   from  the  above 
equation. 

The  metals  best  suited  for  pyrometrical  purposes  are  those  with 
a.  high  melting-point  and  a  imiform  and  known  specific  heat.     The 
obx-ioxis  losses  of  heat  in   (i)  conve)ring  the  heated  body  to  the 
calorimeter,  and  (2)  radiation  of  heat  from  the  calorimeter,  may 
be    considerable,    and   should   be   ascertained   by   radiation-tests 
and  the  proper  correction  made.     Nearly  all  metals  are  oxidized, 
or  acted  on  by  the  furnace-gases,  long  before  the  melting-point  is 
reached;  so  that,  in  general,  whatever  metal  is  used,  it  should  be 
protected  by  a  fire-clay  or  graphite  crucible.     Platinum,  copper 
and  iron  are  usually  employed.     The  following  table  gives  deter- 
minations of  melting-points  and  specific  heats: 


T\BLE  OF  MELTING-POINTS  AND  SPECIFIC  HEATS  OF  METALS. 


Mettiaf-poial. 


Ffehr. 


Platiiium.  .  .  . 

Stcc! 

Wrought-inm 
Cast-iron   .  .  . 

Copper 

Porcelain .... 

Brass 

Zinc 

Lead        

Bismuth  .     .  . 
Tin 


31 10 


2900 
2400 
1980 


Mercurv-. 
Sulphur. . 
Antimonv 


1870 
780 
621 

507 
450 
-36 
239 
797 


1710 


1590 
1310 

1083 


1020 
419 

327 
264 

232 


"5 

425 


Specific  Heat 
ItfOW  Tempet&t' 


0.034 
0.118 
no 

14 
094 
170 
094 

093 
030 

030 

047 
0.030 

o  200 


o 
o 
o 
o 
o 
o 
o 
o 
o 


The  mean  specific  heat  of  Platinum^  has  been  the  subject  of 
careful  investigation.  It  was  found  to  vary  from  0.03350  at  100°  C. 
to  0.0377  at  1100°  C,  by  Poullet,  the  experiment  being  made  with 
a  platinum  reservoir  air-thermometer. 

The  following  table  gives  some  figures  for  both  platinum  and 
copper: 

♦  Sec  Encyclopaedia  Britannica.  an  Pyrometer. 
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PU...... 

Copp». 

Range  of  Tcmptrstun.         Meai 

nSpKific 

lI«i>Sf>«i& 

Deg«.  CraligmJe. 

Hat. 

Degnn  CnUioradc. 

H»t. 

OtO      lOO                                    o 

03350 

;s»- 

0:^; 

0  ■■    300 

03434 

17  "  U7 

0.096I0 

0  "  400 

03476 

03603 

03644 

0  "  900 

036S6 

037^8 

0    1100 

03770 

For  ■wrought-iron  the  true  specific  heat  at  a  temperature  /  on  the 
Centigrade  scale  is  given  as  follows  by  Weinbold: 

C(  =  0.105907  +  0.00006538  *  +  0.000000066477  t*. 

Porcelain  or  Fire-clay  having  a  specific  heat  from  0.17  to  o.), 
although  not  a  metal,  is  well  adapted  for  pyrometrical  purposes. 

Hoadley  Calorimeiric  Pyrometer.  —  The  Hoadley  pyrometer  is 
deacribed  in  Vol.  VI.,  page  712,  Transactions  oi  the  American 


Hoadley  Py  ho  meter. 


Society  of  Mechanical  Engineers.     It  consisted  of  a  vessel,  Fig.  149, 
made  of  several  concentric  vessels  of  copper,  with  water  in  the  inner 
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one,  eider-down  in  the  intermediate  spaces,  and  a  cover  of  sim- 
ilar coastniction.  Also  a  substance  to  be  heated  consisting  of  balls 
of  platinum,  or  wrought-iron  and  copper  covered  with  platinum. 
These  balls  were  heated  in  a  crucible,  conveyed  to  the  calorimeter 
and  suddenly  dropped  in.  The  calorimeter  was  provided  with  an 
agitator  made  of  bard  rubber,  with  a  hole  in  the  center  for  a  thermom- 
eter. The  balls  used  as  heat-carriers  weighed  about  three-quar- 
ters of  a  potmd  each;  the  vessel  held  about  twelve  pounds  of  water. 
The  balls  were  heated  in  crucibles  and  conveyed  to  the  calorimeter 
m  i  fire-clay  jar  as  shown  in  Fig.  150.     The  cover  of  this  jar  was 


JriitaflH'  ^ 

aTOWiH 

-,  smmm.-  ^^ 

Fig.   153.  —  Platcnuu  Balls  and  Chul-ihlk. 

quickly  removed  and  the  balls  dropped  into  the  water  in  the  calo- 
rimeter. 

With  proper  handling,  calorimeters  should  give  reliable  results. 
There  is,  however,  great  danger  of  error  in  the  transfer  of  the  heated 
body  to  the  calorimeter,  and  this,  combined  with  the  fact  that  the 
indications  are  slow  and  require  computation,  has  prevented  this 
method  of  measuring  temperature  from  becoming  general  in  engi- 
neering practice. 

105.  Electrical  Methods  of  Measuring  Temperature.* — There  are 
two  classes  of  electrical  pyrometers;  resistance  thermometers  and 
thermo-couples.  The  former  depend  for  their  action  upon  the 
change  of  resistance  of  electrical  conductors  with  a  change  of 
temperature,  the  latter  upon  the  fact  that  the  current  set  up  at  the 
junction  of  a  thermo-couple  is  a  function  of  the  temperature  to 

*  For  En  extended  discussion  on  Electrical  Pyrometers,  see  High  Temperature 
Measurements  bj  le  Chitelier  and  Boudousrd,  translated  by  Burgess. 
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perature  and  causes  a  lag.  In  general,  with  the  same  kind  of  m- 
sulalion  or  protection,  the  thinner  the  wire,  the  less  the  lag,  but  of 
course  a  very  fine  wire  is  apt  to  fuse  more  easily.  Diameters  used 
are  from  o.i  to  0.3  mm.  (0.004  to  o.oi  inch). 

(c)  Compensation  for  Resistance  of  Leads. —  In  order  to  pievoit 
the  formation  of  currents  at  the  junction  of  the  leads  with  tk 
thermometer  proper,  these  junctions  must  be  placed  in  the  cooler 
part  of  the  circuit.  It  is  usual  to  employ  platinimi-lead  wires  of 
larger  diameter  for  some  ways  back  than  the  thermometer  wire  itsdf, 
but  even  in  such  a  case  the  varj-ing  resistance  of  these  lead  wiro 
is  apt  to  cause  an  error,  which  is  further  complicated  by  the  fid 
that  varying  degrees  of  immersion  will  also  have  an  eflFect.  Hence' 
the  use  of  compensators,  one  t}'pe  of  which  is  shown  in  the  sketd|; 
Fig.  150. 

Thermo-couple  Pyrometers.  — The  action  of  electric  pyromdai 
employing  thermo-couples  depends  uix>n  the  fact  that  if  two 
of  dissimilar  metals  are  joined  at  both  ends  so  as  to  form  a  doal 
circuit,  and  if  one  end  is  heated  while  the  other  is  kept  cool, 
electric  current  is  set  up  which  may  flow  in  either  direction,  de 
ing  uiK)n  the  metals  used,  the  strength  of  the  current  depending 
the  kind  of  metals  employed  and  upon  the  temperature  diffi 
between  the  two  ends.  We  thus  have  given  a  direct  method 
measuring  temfx^raiure,  for,  as  in  the  case  of  the  resistance  tb 
otcr,  a  scale  for  the  instrument  indicating  the  current  strength 
be  constructed  to  read  directly  in  terms  of  degrees  by  com] 
with  any  standard  temperature  indicator. 

A  varietv  of  metals  mav  be  used  in  the  construction  of  coui 
but  they  are  not  equally  good.     The  metals  should  possess  a 
melting-point  and  be  of    uniform  composition,  and  platinum 
once  suggests  itself.     As  a  matter  of  fact,  this  is  one  of  the 
used  in  the  high-class  high-resistance  type  of  instrument,  whik 
the  companion  metal  an  alloy  of  platinum  with   10  per  cent 
rhodium  is  found  to  be  best.     Such  couples  are  usually  quite 
cate  and  must  be  protected  by  porcelain  and  iron  tubes,  as 
in  Fig.  152.     The  rest  of   the  industrial  high-resistance  di 
p\Tometer  consists  merely  of  a  delicate  current  indicator,  Fig.  r 
showing  a  complete  Le  Chatelier  outnt.     The  resistance  of 
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md  part  of  a  stretched  wire  FB;  tEe  other  arm  comprises  a  set  of  resist- 
Rf  the  compensating  leads  C  connected  across  EF,  and  the  left-hand 
wire  FB,  Let  X  represent  the  resistance 
num  spiral,  R  that  of  the  resistance  coils,  C 
resistances  of  the  two  sets  of  leads,  and  2  a 
ice  of  the  wire  FB,  while  x  is  the  resistance 
t  of  this  wire  between  its  middle  point  and 
ometer  connection,  so  that  the  two  parts 
e  resistances  (a  +  x)  and  (a  —  x).  Then, 
id  Q  are  equal,  the  resistances  in  the  other 
>f  the  bridge  must  be  equal  when  no  galva- 
^flection  is  produced;  in  these  circumstances 

^o  sets  of  leads  are  exactly  similar,  being 
le  same  material  and  lying  side  by  side,  so 
temperatures  are  always  equal,  and  there- 
iways  equal  to  T,    Thus  X  -  ^  +  2  ar." 

method  determines  the  resistjyice  of 
mometer  in  terms  of  R  and  X,  If, 
,  the  galvanometer  circuits  were  left 
d  to  the  middle  point  of  FB,  and 
stances  so  adjusted  that  with  the 
leter  cold  the  galvanometer  stands 
then  with  the  thermometer  at  some  ^^°-  151.  — Platinum  Re- 

.  ,  ^  ,  ,      SESTANCE  Thermometer. 

mperature  the  galvanometer  would 
deflection,   which   latter   can    be   expressed  directly    in 
as   explained.     This   is  the   method  ordinarily  used   in 
cial  instruments. 

B  use  of  these  instnmients  the  following  sources  of  error 
)e  noted: 

[eating  of  the  Wire  by  the  Measuring  Current  Itself. — This 
:  necessary  to  keep  the  current  down  below  a  certain  limit, 
eating  due  to  the  passing  current  would  make  the  readings 
,  or  the  heating  effect  must  be  corrected  for.  The  more 
the  galvanometer  or  voltmeter,  the  smaller  need  the  cur- 
0  give  a  good  reading. 

ig.  —  For  most  work  the  platinimi  wire  must  be  protected, 
>y  porcelain.    This  makes  the  wire  slow  to  assume  the  tem- 
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resistance  tj-pe  of  electrical  pjTometer.  Several'  diflferent  makes  of 
such  instruments  are  now  on  the  market,  and  while  th^  may  per- 
haps not  be  as  accurate  as  the  high-resistance  type,  they  are  much 
hardier  and  cost  quite  a  little  less.  The  metals  used  in  the  couples 
are  usually  alloys  of  tungsten,  iron,  nickel  and  copper  of  composition 
depending  upon  the  temperatures  to  be  read.  The  main  point  m 
the  making  of  such  alloys  is  to  get  them  of  uniform  composition, 
otherwise  so-called  parasite  currents  will  be  set  up  in  various  parts 
of  the  circuit  which  may  render  the  instrument  useless.  Since  these 
metals  are  cheap  as  compared  with  platinum,  the  couples  are  made 
of  wire  of  considerable  cross-section.  This  means  that  the  current 
set  up  will  be  comparatively  large  and  that  the  change  in  resistance 
of  the  couple  with  change  in  temperature  will  be  comparatively 
small.  Hence  an  ordinary*  low-resistance  type  of  indicating  instru- 
ment mav  be  used,  and  the  total  resistance  in  such  a  circuit  does  not 
exceed  about  lo  ohms  in  most  of  the  industrial  pyrometers. 

The  Bristol  type  of  low-resistance  p\Tometer  with  portable  instru- 
ment is  sho\^Ti  in  Fig.  154,  while  Fig.  155  shows  the  construction 
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Fig.  154-  —  Bristol  Pyrometer. 

of  the  couples.  The  latter  for  protection  are  in  most  cases  inserted 
into  three-eighth  or  one-half-inch  iron  pipe  closed  at  one  end.  The 
leads  marked  in  Fig.  154  are  of  the  same  metal  as  the  couples,  so 


Fig.  i^>. 


that  the  cold  junction  is  really  at  the  points  of  connection  with  the 
indicating  instmmen:.  It  is  possible  in  most  cases  to  keep  the 
latter  near  the  temperature  at  which  the  cold  jimction  was  main- 
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tained  when  the  instrument  was  calibrated  (usuall)'  75°  F.)-  If  this 
cannot  be  done,  either  some  correction  must  be  made  or  compen- 
sators must  be  used,  for  a  considerable  variation  in  the  temperature 
oflhecold  junction  causes  a  much  greater  error  in  the  low-resistance 
tiun  in  the  high-resistance  type  of  instrument.  For  very  accurate 
vork  it  is  of  course  desirable  to  take  steps  to  maintain  the  cold 
junction  at  calibration  temperature,  whatever  that  may  have  been, 
innther  type  of  instrument.  If  this  is  not  done  and  compensating 
<lnices  arc  not  used,  it  is  sufficiently  accurate  for  the  low-resistance 
type  to  proceed  as  follows: 

If  ('  =  temperature  of  cold  junction  of  the  instrument  in  use, 
and  t  =  temperature  of  cold  junction  at  standardization,  then 
wAit'-l  to  the  reading  of  the  instrument  if  l'>l,  and  subtract 
i-l'  from  the  reading  if  /  >  /',  This  correction,  however,  becomes 
cf  doubtful  value  if  /'  very  much  exceeds  100°  F.,  if  the  standard- 
ization temperature  was  in  the  neighborhood  of  75  degrees. 

Compensating  devices  automatically  take  care  of  the  change  of 
tesistancc  in  the  low-resistance  type 
of  instrument  for  change  of  tem- 
perature in  the  outside  leads.  The 
Alice  used  by  the  Bristol  Co.  is 
jboftTi  in  Fig.  156.  It  consists  sim- 
{dy  of  a  glass  bulb  shaped  as  shown 
ud  partly  filled  with  mercury.  A 
platinum-wire  loop  in  series  with 
the  outside  circuit  is  fused  into  the 
Bdes  of  the  tube  and  dips  into  the 
mercurj'.  .As  the  temperature  in 
dte  outside  circuit  falls,  the  E.M.F. 
>f  the  couple  would  increase  on  ac- 
xmnt  of  the  greater  range  of  tem- 
Ktature  between  hot  and  cold  jimc- 
ion.  At  the  same  time,  however,  the 
lercury  contracts,  short-circuiting  less  of  the  platinum  resistance 
I  the  compensator.  This  increases  the  resistance  in  the  circuit  and 
lus  counteracts  the  efifect  of  the  greater  E.M.F.  If  the  temperature 
'  the  cold  junction  increases,  the  reverse  action  takes  place. 
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1 06.  Optical  and  Radiation  Pyrometers.* — The  action  (^  the 
optical  pyrometer  usually  depends  upon  the  comparison  of  the 
intensity  of  the  light  emitted  from  the  body  whose  temperature  is 
to  be  measured  with  the  intensity  of  the  light  from  a  standard 
source.  In  order  to  get  rid  of  difficulties  due  to  color  difference! 
and  because  the  laws  connecting  the  temperature  of  the  body  witi 
the  intensity  of  the  emitted  light  are  simpler,  it  is  usual  to  dealwitl 
only  a  single  wave-length  (red  is  commonly  retained).  ThcL 
Chdtdicr^  the  Wanner  and  the  Fery  absorption  pyrometers  W 
based  on  this  principle,  and  the  construction  is  usually  such  that  r 
is  merely  necessary  to  adjust  the  instrument  until  two  adjaces 
fields  of  vision,  each  illuminated  by  one  of  the  sources  of  light 
show  the  same  intensity.  From  the  relative  displacement  of  cer 
tain  pans  of  the  instrument  necessary  to  produce  this  result,  th 
temperature  may  be  read  directly  or  may  be  easily  computed. 

The  Morse  thermo-gauge  and  the  Holhorn  pyrometer,  which  an 
very  similar  in  their  construction,  also  belong  to  this  class,  althoo^ 
their  operation  is  somewhat  different.     The  former  instrument  i 

sho\%ii  in  the  conventiooi 
sketch.  Fig.  157.  It  emidof 
an  incandescent  lamp  wid 
a  rheostat  arranged  so  tha 
the  current  flowing  throq^ 
it  and  its  consequent  brig^ 
ness  may  be  regulated.  Hi 
amount  of  current  flowipj 
through  is  shown  by  a  mil 
voltmeter  connected  incixciii 
the  reading  of  which  can  b 
referred  to  a  scale  for  the  determination  of  temperature.  The  laSj 
is  adjusted  from  an  cxi>erimenial  scale  for  its  degree  of  brightna 
at  different  a^^es. 

In  using  this  insirumcni  the  incandescent  lamp  is  located  betwee 
the  ew  and  the  object  whose  icmpcraiure  is  to  be  measuied,  as 
the  current  is  regulated  uniil  ihe  lamp  filament  becomes  invisifali 

♦  Fw  detftiM  informaTif»n  concerning  ojiiiral  and  rmdiation  pyiometcn  t 
•» C^rttSui^  And  Boudouard's  -'High  Tcmperaiure  Measurements." 
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This  instrument  is  designed  for  use  in  tempering  furnaces  and  has 
an  extensive  use  in  that  industry. 

Still  another  type  of  optical  pyrometer  is  the  Mesurt  an^  Naud 
pyrometric  telescope,  Fig.  158,  by  which  the  temperature  is  deter- 
mined by  the  direct  observation  of  the  light  emitted  from  the  hot  body. 


M 


'•■f^/yy/y/ff/-/y,vy- . 
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Fig.  158.  —  Mesure  and  Nouel  Pyrometric  Telescope. 

This  instrument  measures  the  temperature  by  taking  advantage  of 
the  rotation  of  the  plaiiie  of  polarization  of  light  passing  through  a 
quartz  plate  cut  perpendicular  to  its  axis.  The  angle  of  rotation 
is  directly  proportional  to  the  thickness  of  the  quartz,  and  approx- 
imately inversely  proportional  to  the  square  of  the  wave-length. 

Light  from  an  incandescent  object,  passing  through  the  slightly 
ground  difiFusing-glass  G  enters  a  polarizing  nicol  P,  and,  traversing 
the  quartz  plate  Q,  strikes  the  analyzer  A,  and  is  seen  through  the 
«J^^piece  OL. 

In  the  use  of  the  instrument  the  analyzer  is  turned  until  the  object 
appears  to  have  a  lemon-yellow  color.  The  position  of  the  analyzer 
is  indicated  by  the  graduated  circle  C,  the  reading  of  which  may  be 
itferred  to  a  temperature  scale.  On  account  of  the  fact  that  the 
change  of  color  from  red  through  lemon  yellow  to  green,  or  vice  versa, 
which  is  seen  when  the  analyzer  is  turned,  is  not  sharply  defined, 
different  observers  are  apt  to  obtain  dififerent  results  with  this 
instrument  and  the  error  may  amount  to  100®  C.  For  that  reason, 
though  the  instrument  is  easy  to  handle,  it  should  not  be  depended 
^ipon  for  close  results. 

In  radiation  pyrometers  the  energy  of  total  radiation,  that  of  the 
ong  invisible  rays  as  well  as  that  of  the  shorter  luminous  rays,  is 
iJeasured  by  the  heat  effect  it  produces.  The  latter  may  be  deter- 
mined either  by  thermo-couples,  by  the  expansion  of  a  compound 
letal  strip  or  by  a  very  delicate  resistance  thermometer.     The 
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FtTy  radiation  pyrometer,  which  uses  a  thermo-couple,  may  serve 
as  an  example  of  this  type,  and  the  following  description  is  [akea> 
from  the  catalogue  of  the  manufacturing  company: 

"  The  heat  rays  given  out  by  a  hot  body  fall  on  a  concave  rnimn 
in  the  pyrometer  telescope  and  are  brought  to  a  focus.  At  tlua 
focus  is  the  hot  junction  of  a  thermo-couple,  and  this  junclion  k 
heated  by  the  focussed  heal  rays,  the  hotter  the  body  the  holla 
the  junction. 

Referring  to  Fig.  159,  a  section  of  the  pyrometer  telescope  ii 
shown  oQ  the  right.     The  mirror  M  receives  the  heat  rays 


Fic.  159.  —  Feby  Radiatcos  Pvrometei. 

brings  them  to  a  focus  at  F.  Here  is  the  hot  junction  of  a  litli 
thermo-couple.  The  cold  junction  is  quite  near  the  hot  jiU 
tion,  but  is  screened  from  the  focussed  heat  rays.  Thus  thet* 
junctions  are  equally  affected  by  changes  in  air  temperature,  ai 
the  difference  in  temperature  which  causes  a  current  to  flow  » 
\x  due  to  the  temperature  of  the  hot  body. 

The  instrument  is  designed  so  that  within  wide  limits  it  is  iod 
pendent  of  the  size  of  tbe  hot  body,  or  the  distance  at  which  It' 
used. 

To  guide  the  |X)inting  of  the  telescope  an  eye-piece  E  is  prn«™* 
at  the  rear  end  of  the  telescope  through  which  a  reflected  in 

e  hot  body  can  be  seen.     In  the  center  of  the  field  of  vi 
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seen  in  the  eye-piece,  the  hot  junction  of  the  thermo-couple  is 
seen  as  a  blax:k  spot,  and  this  has  to  be  overlapped  all  around  by 
the  image  of  the  hot  body.  The  telescope  may  be  taken  as  much 
nearer  as  is  desired  without  altering  the  temperature-reading. 
As  the  telescope  gets  nearer  to  the  hot  body  the  mirror  M  receives 
more  heat,  but  at  the  same  time  this  greater  amount  of  heat  is  spread 
over  a  larger  image,  and  the  intensity  of  heat  remains  the  same. 
Thus  the  only  effect  of  going  nearer  to  the  hot  body  is  to  increase 
the  amount  of  overlapping  of  the  image  beyond  the  black  spot. 
The  distance  can  be  as  much  as  thirty  times  the  diameter  of  hot 
body. 

The  telescope  is  focussed  by  turning  the  milled  head  H  at  the 
side,  and  this  is  very  simple. 

The  indicating  outfit  is  provided  with  an  indicator,  which  is 
joined  to  the  telescope  by  a  flexible  cable.  This  indicator  meas- 
ures the  current  generated  by  the  thermo-couple  in  the  telescope, 
but  instead  of  reading  in  current  it  is  made  to  read  direct  in  tem- 
perature of  the  hot  body. 

For  use  when  the  temperature  reading  reaches  the  top  of  the 
scale,  a  second  scale  for  higher  temperatures  is  provided,  and  to 
use  this  the  diaphragm  D  is  swung  over  the  mouth  of  the  telescope. 

The  stock  instrument  has  two  scales,  one  from  1000°  to  2400®  F. 
and  the  second  from  1800°  to  3600®  F." 

107.  Calibration  of  Thermometers  and  Pyrometers.  — The  ulti- 
mate standard  of  comparison  in  the  standardization  of  thermom- 
eters and  pyrometers  is  some  form  of  gas  thermometer.  On  account 
of  the  fact,  however,  that  such  a  standard  is  not  easy  to  handle, 
secondary  standards  such  as  thermometers  or  pyrometers,  which 
have  been  compared  with  the  primary  standard  gas  thermometer, 
are  ordinarily  used. 

The  comparison  may  be  made  by  placing  the  instrument  to  be 
calibrated  in  a  medium  which  can  be  slowly  heated  or  cooled,  as 
the  case  may  be,  together  with  the  standard.  This  is  probably  the 
usual  method  for  instruments  reading  to  less  than  500  or  600°  F.,  as 
ordinary  mercury  thermometers.  For  the  latter  it  is  usual  also 
to  determine  the  freezing-  and  boiling-points  of  water  by  methods 
described  below.     For    high-reading  instruments,  however,  stand- 
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ardizing  laboratories,  like  the  Bureau  of  Standards  at  Washington, 
use  a  high-temperature  scale  reproduced  in  terms  of  certain  fixed 
freezing-  and  boiling-ix>ints  of  various  chemical  dements.  This 
temperature  scale  is  not  absolutely  fixed  in  the  upper  ranges, 
awaiting  the  results  of  further  investigations,  but  the  provisional 
scale  now  used  by  the  Bureau  *  is  as  shown  in  the  following  tabic 
The  scale  above  1200®  C.  is  based  on  the  laws  of  black-body  radii- 
tion. 


«C. 

^'F. 

Tin freezing 

Zinc freezing 

Sulphur boiling 

Antimony freezing 

Gold melting 

Copper freezing 

Nickel melting 

Palladium melting 

Platinum melting 

232 

419 

444-7 

6305 
.    1064 

1084 

1435 
1546 

1753 

449.5 
786 

832-5 
1167 

1947 

1983 
2615 

2815 
3187 

Tin,  zinc,  lead,  antimony  and  copper  must  be  protected  from 
oxidation,  which  can  be  done  by  melting  in  graphite  crucibles  and 
protecting  the  surface  by  powdered  graphite.  The  presence  of 
oxides  appears  to  depress  the  freezing-points.  The  freezing-points 
of  lead  (327^0.)  and  of  aluminum  (658^0.  for  99.7  per  cent 
purity)  as  well  as  the  boiling-point  of  naphthalene  (218**  C.)  are  also 
often  used  in  standardizing  pyrometers. 

Calibration  of  Mercury  Tfiermometers. 

I.  To  Test  for  Boiling-point.  —  Suspend  the  thermometer  so 
that  it  will  be  entirely  surrounded  up  to  or  beyond  the  reading  point 
in  the  vapor  of  boiling  water  at  atmospheric  pressure  but  will  not 
be  in  contact  with  the  water.  Note  the  reading.  From  the  barom- 
eter-reading calculate  the  boiIing-fX)int  for  the  same  time.  The 
difference  will  be  the  error  in  position  of  the  boiling-point. 

The  engraving  fFig.  160)  shows  an  instrument  for  determining 
the  boiling-point.  The  bulb  of  the  thermometer  is  exposed  to 
steam  at  atmospheric  pressure,  which  passes  up  to  the  top  of  the 
instrument  around  the  tube,  and  down  on  the  outside,  discharging 

♦  Bureau  Circular  No.  7,  Oct.  i,  1908,  Bureau  of  Stsuidards. 
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inlo  ihe  air,  or  it  may  be  returned  directly  to  the  cup,  thus  obviating 
the  need  of  supplying  water.  In  the  form  shown,  the  parts  tele- 
scope into  each  other  for  convenience  in  carry- 
ing, which  is  entirely  unnecessary  for  laboratory 


1.  To  Test  for  Freezhig-point.  —  Surround 
the  therraometer  to  the  reading  point  by  a 
mixture  of  water  and  ice,  or  water  and  snow; 
drain  off  most  of  the  water.  The  difference 
belseen  the  reading  obtained  and  the  zero  as 
marked  on  the  thermometer  (32"  for  Fahr.  scale) 
is  the  error  in  location  of  freezing-point 

3.  For  any  other  tem[>eratures  place  the  ther- 
mometer in  a  liquid  bath,  such  as  high-flash- 
point oil  from  which  all  traces  of  water  have 
been  previously  removed  by  heating  it,  along 
with  a  standard  which  may  be  a  standardized 
lercurj'  thermometer,  resistance  thermometer  or 
thermo-couple.  Obtain  simultaneous  readings 
while  heating  or  cooling  slowly.  Great  care 
must  be  taken  to  thoroughly  stir  the  bath  m 
order  to  make  the  temperature  uniform  through- 


4.  Film  or  Stem  Correction, — The  scale  cm 

most  mercury  thermometers  is  constructed  by 
irst  locating  the  freezing-  and  boiling  pomts  of 
»ier  under  standard  atmospheric  conditions, 
uut  in  locating  these  points  both  bulb  and  stem  ' 
m  immersed  up  to  the  respective  points.  In 
practice,  therefore,  a  thermometer  stem  should  be  immersed  in 
he  medium  whose  temperature  is  being  read  up  to  the  point 
*here  the  mercury  column  in  the  stem  ends.  In  many  cases, 
Mwever,  this  is  not  possible,  especially  in  case  thermometer 
rells  or  cups  are  used.  In  such  cases  it  is  always  advisable  to 
ompute  a  stem  correction  because,  since  the  projecting  mercury 
Jm  is  at  a  different  temperature  than  the  mercury  in  the  rest  of 
le  bulb  and  stem,  the  thermometer  will  be  in  error  by  a  certain 
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amount.  In  many  cases  such  a  correction  is  negligible,  but  in 
others  it  is  not,  and  it  is  in  any  important  case  not  safe  to  depend 
upon  guess  work.  The  correction  may  be  computed  from  the 
following  equation: 

Stem  correction  =  .00016  n(r  —  /)  for  C  scale. 
Stem  correction  =  .000088  n  (T  —  /)  for  F  scale. 
Where  n  =  number  of  degrees  projecting, 

T  =  temperature  of  bulb, 
/  =  mean  temperature  of  emergent  stem. 

/  is  usually  f oimd  by  hanging  a  small  auxiliary  thermometer  about 
halfway  up  the  emergent  stem;  T,  however,  is  imknown,  and  it  is 
usual  to  substitute  for  T  the  temperature  as  read  from  the  ther- 
mometer. The  error  thus  made  is  small.  It  is  possible  to  take 
care  of  the  stem  correction  automatically  when  the  thermometer 
is  subsequently  calibrated  by  inmiersing  it  in  the  bath  to  the  depth 
to  which  it  was  used  on  the  test,  while  the  standard  is  handled  in 
the  proper  way.  This  method,  however,  assumes  that  the  air 
temperature  surrounding  the  stem  is  the  same  during  calibration  as 
during  use. 

Calibration  of  Pyrometers.  — The  general  method  has  already, 
been  outlined  above.  The  practice  of  the  Bureau  of  Standards  is. 
given  in  the  following  extracts  from  the  Bulletin  already  cited: 

Thermo-couples  J  Calibration  and  Precautions  in  Use. 

(a)  Homogeneity.  —  For  work  of  precision  it  is  important  that  each  wire  d 
thermo-couple  be  of  exactly  the  same  chemical  composition  and  physical  propcfv, 
ties  throughout,  otherwise  the  indications  of  the  thermo-couple  will  vary  with 
depth  of  immersion  in  the  heated  (or  cooled)  region.    When  requested,  a 
test  of  the  homogeneity  of  the  wires  will  be  made,  the  results  being  expressed 
terms  of  the  electro- motive  forces  generated  when  successive  short  lengths  of 
wire  are  exposed  to  a  constant  high  temperature. 

(6)  Annealing.  —  Before  calibration  and  use  all   high-temperature 
couples  should  be  annealed  by  heating  them  throughout  their  length,  prefi 
by  means  of  an  electric  current,  to  a  temperature  higher  than  any  to  whidi 
may  subsequently  be  exposed.  This  eliminates  the  electro-motive  forces  devcl 
between  the  hard  and  soft  portions  of  the  wires.    When  platinum  couples 
l)een  oontaimnated  by  long-continued  use  they  may  often  be  restored  to  their  orf 
nal  oonoition  by  annealing  (for  an  hour  or  more)  at  high  temperatures  (15c 
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tf  in  Use.  —  The  wires  of  the  couple  should  be  fused  together  at 
not  tied  or  twisted,  as  such  oonnections  are  liable  to  develop  high 
atemipt  the  circuit  when  the  wires  become  oxidized.  In  general 
thermopyle  should  be  protected  from  the  action  of  hot  furnace 
:tallic  vapors,  etc.    The  cold  junctions  should  be  so  placed  that 

of  temperature  are  negligible.  The  electrical  resistance  of  the 
IOmeter  should  be  so  hieh  that  the  errors  resulting  from  the  resist- 
and  the  variation  of  the  resistance  of  the  couple  with  temperature 
lersion  may  be  neglected.  In  work  of  the  highest  precision  at  high 
ove  1 100^  C.)y  contamination  of  the  couples  due  to  the  evapora- 
amd  especially  of  iridium  must  be  carefully  avoided. 

of  the  reported  failures  of  thermo-couples  to  fulfil  the  practical 
£chnical  applications  have  been  traced  to  neglect  of  one  or  the 
^cautions.  Re-tests  made  by  this  Bureau  of  platinvun  platinvun- 
that  have  been  subjected  to  long  and  severe  usage  in  the  indus- 

thaty  after  annealing  the  couples,  the  new  calibrations  are  in 
mt  with  the  old. 

n.  —  Thermo-couples  are  usually  calibrated  at  the  Bureau  of 
a  thorough  annealing,  by  comparison  at  four  or  more  tempera- 
indard  couples,  the  couples  being  immersed  for  about  25  cm.  of 

electric  furnace,  and  the  cold  junctions  being  kept  at  0°  C. 
e  is  to  be  used  with  its  cold  junction  at  some  temperature  other 
ecessary  correction  will  be  indicated  in  the  certificate.  For  the 
ermo-couples  made  of  platinum  and  its  alloys,  this  correction  is 
J  /,  where  /  is  the  Centigrade  temperature  of  the  cold  junction, 
lis  correction  lies  between  +  i  /  and  4-  i  for  practically  all  types 


s. 


pyrometer  Galvanometer  of  Low  Resistance.  —  In  many  industrial 
electric  p)rn)meter,  the  electrical  resistance  of  the  thermo-couple 
xinying  leads  is  not  negligible  in  comparison  with  the  resistance 
instrument.  When  this  is  the  case  the  galvanometer  does  not  in 
he  true  E.M.F.  of  the  thermo-couple.  If  -R,  is  the  resistance  of 
e  wires  and  attached  leads,  R2  that  of  the  galvanometer,  and  E 
)i  the  thermo-couple,  then  the  E.M.F.  =  £„  as  indicated  by  the 

ometer,  will  be  £,  =  £  — — ^ .    E^  will  thus  depend  also  upon 

Ri  +  Ri 

due  to  the  increase  in  the  resistance  of  the  heated  wires  and  will, 

ith  the  depth  of  immersion  of  the  thermo-couple  in  the  heated 

ance  Thermometers. 

We  may  define  temperature  on  the  scale  of  the  platinum  resist- 

r  as  given  by 

p  =  100  ^-^.  (a) 
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where  R  is  the  measured  resistance  at  some  unknown  tenygatmc  i^  and  j^ 
Ro,  are  the  resistances  at  loo^  C.  and  o^  C,  respectively.  The  zelatioo  betWDcn  A 
platinum  temperature  p^  and  the  Centigrade  temperature  i  bam  —  mfCtL 
xioo°  C.  is  very  exactly  given  by  CaUendar's  equation 

where  9  is  characteristic  of  the  kind  of  metal.  For  pure  pVtin"?n  9  -^  1.50^111] 
it  is  larger  for  impure  platinum. 

The  calibration  of  a  platinum  resistance  thermometer,  which  is  to  be  used  in  tti 
range  — 100^  C.  to  iioo**  C,  usually  consists  in  measuring  its  reastance  iniDdtiq| 
ice  (o^  C),  in  steam  (100^  C),  and  at  one  other  temperature,  usually  that  of  fti 
vapor  of  boiling  sulphur  (444.7^  C.)f  and  computing  other  tem;)eratures  hj  am 
of  formulae  (a)  and  (b).  The  values  of  Rc^  the  fundamental  interval  (R^m  "  ^) 
and  of  9  will  be  given  in  the  certificate  furnished  by  the  Bureau.  The  ifoA  a 
many  investigators  has  shown  that  a  platinimi  resistance  thermometer  cafiEnto 
at  these  tem;)eratiues  may  be  used  to  reproduce  gas-scak  temperatures  thxoo^oa 
the  range  - 100^  C.  to  iioo**  C.  with  a  degree  of  accuracy  equal  to  that  at  patm 
attainable  in  gas  thermometry.  For  example,  when  such  a  calibraticm  b  eitn 
polated  to  the  meltingrpoint  of  gold,  it  gives  a  value  (1062^  C.)  whidi  diffefsfin 
the  true  value  by  an  amount  which  is  no  greater  than  the  i»esent  tmoektial! 
(5°)  in  our  knowledge  of  this  temperature. 

If  a  resistance  thermometer  is  to  be  used  at  very  low  temperatures^  thebcA| 
point  of  liquid  oxygen  (—  182.5^  C.)  may  be  used  to  advantage  as  the  tfdidcd 
bration  temperature,  since  the  value  of  9  found  from  the  sulphur  boiling-point  ctf 
bration  does  not  hold  exactly  at  these  very  k>w  temperatures. 

Resistance  thermometers  which  are  to  be  used  in  calorimetric  work  formgMl 
ment  of  small  temperature  changes  with  hi^  precision  will  be  calibrated  at  .rf 
100^  and  32.384^,  the  transition  temperature  of  sodium  sulphate. 

When  the  construction  of  a  platinum  resistance  thermometer  does  not  peniltfl 
calibration  by  the  above  method  of  using  three  fixed  tem;)eratures,  the  instnnei! 
will  be  compared  directly  with  the  standards  of  the  Bureau  at  several  tempenrffll 
In  an  electric  furnace.  This  method  is  not  in  general  capable  of  so  hi|^  fN 
dsion  as  the  previously  described  one.  This  is  the  procedure  followed  wlrei  > 
resfstance  thermometer  and  its  direct -reading  temperature  indicator  are  sA 
mitted  for  test  as  a  single  instnmient 

Calibration  of  Opticd  and  Radiation  Pyrometers,  —  The  radiation  emitted  lij 
substances  depends  on  the  nature  of  the  substance  and  condition  of  its  surhcei 
well  as  upon  the  temperature.  The  only  body  whose  radiation  depends  (mly  oii 
tem|)erature  is  the  ^^black  hody^*  which  is  approximately  realized  by  a  unifdofll 
heated  enclosure. 

If  an  optical  p>Toraeter  has  been  calibrated  in  terms  of  the  radiation  fnan 
black  Kxh\  it  will  not,  therefore,  in  general  give  the  true  temperature  of  d 
incandescent  KkIv  under  observation,  but  nevertheless  it  will  define  a  ooosisla 
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temperature  scale  for  any  one  substance,  which  in  very  many  cases  is  all  that  is 
necessary  in  the  control  of  an  industrial  operation.  Where  the  equivalent  black- 
ixxly  temperature  is  not  sufficient,  true  temperatures  may  be  found  by  applying 
a  suitable  correction,  the  magnitude  of  which  will  depend  on  the  emissive  power  of 
the  body  and  on  its  temperature,  or  by  taking  the  measurements  in  such  a  way  that 
the  radiation  is  very  approximately  black-body  radiation.  For  example,  if  the 
em  at  hand  b  the  measurement  of  the  temperature  of  a  furnace  or  hardening 
,  then  by  inserting  a  closed-end  tube,  of  suitable  material,  such  as  magnesia, 
porcelain,  or  tungsten  steel,  of  sufficient  length  so  that  the  end  and  some  distance 
ik)Dg  the  tube  b  at  the  temperature  of  the  furnace  or  bath,  the  radiation  coming  out 
»f  this  tube  is  a  close  approximation  to  black-body  radiation,  and  the  optical 
[^IOmeter  will  then  give  true  temperatures.  Again,  within  many  furnaces  the 
oonditions  approximate  fairly  close  to  black-body  conditions  and  the  temperatures 
found  by  the  use  of  an  optical  or  radiation  p3rn>meter  will  then  differ  but  little  from 
the  tnie  temperature.  The  readings  of  optical  pyrometers  and,  to  a  much  greater 
iegree,  of  radiation  pyrometers  will  be  influenced  by  the  presence  of  flames, 
npors,  and  furnace  gases. 

The  temperature  scale  defined  by  the  several  radiation  laws  is  in  agreement 
nth  the  gas  scale  throughout  the  widest  range  of  measurable  temperatures,  and 
rhen  these  laws  are  extrapolated  to  the  highest  attainable  temperatures  they  are 
still  in  satisfactory  agreement. 

hn  optical  pyrometer  may  be  calibrated  by  sighting  either  upon  a  black  body  or 
jpoa  another  body  whose  emissive  properties  are  known.  It  is,  however,  neces- 
uy  to  determine  the  calibration  temperatures  by  some  auxiliary  means,  as  a 
Ibermo  couple;  or  carrying  out  the  calibration  at  certain  known  temperatures,  such 
IS  the  fuang  point  of  gold,  palladium,  and  platiniun;  or,  what  is  usually  the  more 
ooDYenieot  in  the  case  of  industrial  instruments,  comparing  the  indications  of  the 
pjriometer  to  be  tested  with  that  of  a  standard  mstrument,  both  being  sighted  upon 
fte  !ame  source,  which  may  be  a  dear  furnace,  or,  in  the  case  of  the  two  instru- 
noits  usmg  the  same  colored  light,  a  graphite  or  metal  strip  mounted  in  vacuo 
ind  heated  electrically.  This  use  of  an  electrically  heated  strip  permits  of  a  very 
c^xd  calibration  of  siiffident  accuracy  for  industrial  and  many  scientific  purposes. 
With  a  graphite  strip  such  a  calibration  may  be  made  up  to  i9oo«  to  2000^  C 
With  a  strip  of  timgsten  such  a  calibration  might  be  carried  several  hundred  degrees 
higher. 

The  calibration  formula  for  these  optical  pyrometers  which  are  of  the  pho- 
ometer  type,  and  in  which  light  of  a  single  color  is  used,  is  very  simple.  The 
ntensity  /  of  a  monochromatic  light  source,  approximating  a  black  body,  varies 
nth  its  absolute  temperature  T  (=  /  -f  273°  C),  as  follows: 

log  /  =  a  ^ 

here  a  and  h  are  constants.    Such  a  pyrometer  may,  therefore,  be  calibrated 
tmpletely  by  finding  its  readings  at  two  temperatures  only,  if  its  construction  is 
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otfacrwiie  mfdianicafly  cnnect.  Often  widi  andt  pj^mnettBi  t&e  — iiw  fiiiiuaue 
Sght  ^  obtained  by  means  of  cokned  giasKs  wfakk  are  but  appmomnatBif  moiMh 
dtmaadc.  In  diis  case  the  calihrarion  ahooid  be  carrieit  out  at  jcwexai  tempea- 
ttBO,  tfae  nnmber  depending  on  die  gfawa  used  and  die  acrmacT  aaoghi- 

Tbe  neiadoo  between  die  uuieut  C  dnongh  die  fflammr  of  tfae  kmp  s  :^ 
3iorae  or  Hoibom-Kuribaum  type  of  pyrometer  and  die  oempKEatnie  £  of  a 
apfpRoiniately  black-body  aooroe  is 

wiie»  «y  &  and  c  are  constanta,  ao  diat  meaaarezncnts  at  t&ne  fiBBipezannes.it 
teaat,  are  necgMiary  to  caiibrate  aodi  {yrometgra  ThepynoieflerfaBiipBiimidfie 
a^ed  before  caiibradon  fioraometwexity  homsatafienxpezatoieaf  afaoot  z&n'C 
In  order  to  extend  tfae  xange  of  any  opdcal  pynminrT  aiio«e  v^pc^  C  afaaoKp- 
tifxi  giaaies,  mffnics,  diaphragms,  <x  rotating  aectpts  may  be  used,  it  is  tba 
neowaary  to  determine  tfae  aboorption  cxieffident  Use  the  scxsen  aaedf  fay  tfat 
measarement  of  one  or  more  known  tempezatares  widi  and  nuhont  tfae 


The  indkations  of  total  ladiation  pyrometers,  asdh.  as  tfae  Fery  tfaezsKi-ekcDk 
telescope,  obey  2^>prozixnateiy  die  law 

where  £  is  tfae  energy  received  by  die  instrument  at  a  ten^Kxatxxre  T*  fioom  a 
biack-body  aoorce  wfaose  temperatore  is  7*,  and  il  is  a  anwftmt  For  tfae 
measarement  of  high  texnpecatares,  T^*  may  osaalfy  be  iirgircinf  la  mmpaiHua 
with  T^.  The  indu^raJ  forms  of  these  instimuents  ^asaaSbf  gne  wj^JMip  ||^ 
parting  somewhat  from  equation  rb),  so  that  tt  is  necrwary  to  cafibrafr  than 
empirically  at  several  points  over  the  range  for  whidi  tfaey  are  nBtrwird  &>  be 
tised.  A  reladvely  large  area  is  osoally  reqmied  upon  which  to  s%ht  these  pyroB- 
eters.  These  instruments  may  be  used  with  reconfing  ^dfaaomefeis  and  tfaos 
give  a  permanent  record  of  temperaturrs. 


CHAPTER   Vm. 

THB  MBASURBMENT  OF  SPEED. 

Under  this  head  is  to  be  understood  the  determination  of  strokes 
or  revolutions  of  any  mechanism  per  imit  of  time,  and  not  the 
measurement  of  the  speed  of  moving  masses  in  general.  In  prac- 
tically all  pump  and  engine  tests  such  speed  determinations  are 
necessary,  for  determining  either  delivered  capacity,  variation  with 
load,  or  power. 

The  number  of  strokes  of  a  moving  mechanism  can  be  coimted 
quite  accurately  without  an  instrument  if  the  speed  is  not  too  great. 
This  is  best  done  by  holding  a  stick  in  the  hand  in  such  a  position 
that  it  is  struck  periodically  by  some  moving  part,  such  as  the 
cross-head  of  an  engine. 

The  instnmients  in  use  for  speed  determinations  fall  approxi- 
mately into  three  classes: 

1.  Counting  devices. 

2.  Indicating  devices,  or  Tachometers. 

3.  Chronographs. 

108.  Counting  Devices.  —  These  are  all  arranged  so  that  a  part 
of  the  instrument  is  moved  by  direct  attachment  to  the  moving 
machine  and  they  record  continuously  from  the  time  of  attachment 
until  the  connection  is  again  severed.  For  this  reason  they  must 
always  be  used  in  conjunction  with  a  clock  or  watch  if  the  record  is 
to  be  reduced  to  strokes  or  revolutions  per  imit  of  time. 

I.  Hand  Speedr-counUr.  — One  form  of  this  device  is  shown 
in  Fig.  161.  It  consists  of  a  counter  operated  by  holding  the  pointed 
end  of  the  instrument  against  the  end  of  the  rotating  shaft  which 
should  have  a  so-called  '*  center."  In  using  the  instrument,  the 
time  is  noted  by  a  watch  at  the  instant  the  counting  gears  are 
put  in  operation  or  are  stopped.  A  stop-watch  is  very  convenient 
for  obtaining  the  time.     The  errors  to  be  corrected  are  principally 
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those  due  to  slipping  of  the  [>oint  on  the  shaft,  and  to  the  slip  of  the 
gears  in  the  counting  device  in  putting  in  and  out  of  operation. 
The  best  counters  have  a  stop  device  to  prevent  this  latter  error, 
and  the  gears  are  engaged  or  diseng^ed  with  the  point  in  contict 
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with  the  shaft.  To  prevent  slipping  of  the  point,  the  end  of  the 
instrument  is  sometimes  threaded  and  screwed  into  a  hole  in  the 
end  of  the  shaft. 

2.  Continuous  Speed<ounler.  —The  continuous  counter  con- 
sists of  a  series  of  gears  arranged  to  work  a  set  of  dials  which  show 
the  number  of  revolutions.     The  arrangement  of  gearing  in  such 


Fig.  r6i,  —  Stroke  Counter, 


an  instrument  is  shown  in  Fig.  162.     The  instrument  can  usually 
be  made  to  register  by  either  rotary  or  reciprocating  motion,  and 
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can  be  had  in  a  square  or  round  case.  The  reading  of  the  coun 
is  taken  at  stated  inter\'als  and  the  rate  of  rotation  calculated. 

109.  Speed  Indicators:  Tachometers.  — All  these  instruments 
dicate  directly  the  speed  at  which  the  machine  to  which  they  : 
attached  is  operating.  They  are  thus  independent  of  a  lime  deterr 
nation  and  are  often  more  convenient  for  certain  purposes. 

I ,  Centrifugal  Tachometers.  —  These  instruments  utilize  t 
centrifugal  force  in  throwing,  outward  either  weights  or  a  liqu 
The  motion  so  caused  moves  a  needle  or  column  of  liquid  a  distar 
proportional  to  the  speed,  so  that  the  number  of  revolutions 
read  directly  from  the  position  of  the  needle  or  other  indicator. 


Fig.    163, SCHAEFFEH   AN-D    BUDES-BEHO   HAND  TaCBOMETEH. 

One  form  of  the  instrument  is  shown  in  Fig.  163.  It  is  arrang 
with  a  pointed  end  to  hold  against  the  shaft  whose  speed  is 
Redetermined.  A  belt-driven 
W'pe  is  shown  in  Fig,  164. 
The  movement  of  the  needle 
DTOT  the  dial  is  caused  by 
'  Us  moving  under  the 
sclion  of  centrifugal  force. 
These  instruments  are  all 
subject  to  wear  and  should 
ys  he  checked  or  cali- 
;  Ijratcd  for  accurate  work. 

'o-^-n's     Speed    Indicator 

I  consists  of  a  U-shaped   tube 

joined  to  a  straight  tube   at 

the  center  of  the  bend.     The  revolution  of  the  IJ-tube  around  1 

«nter  tube  induces  a  centrifugal  force  which  elevates  mercury 


Tachometek. 


EiL-r  --las.     A  coimrataf 
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rahm's  Resonance 

teter*  —  This    instni- 

low'  made   m  a .  great 

:    of    forms    depends 

he  principle  of  reson- 

that    iSj   the    property 

dy  to  vibrate  in  unison 

lother  which  has  a  like 
It  consists  of  a  num- 
steel  reeds  of  different 
and  differently  loaded, 
each  one  of  the  series 

inique  period,  mounted 

rderof  their  periodicity, 

17.  The  variation  of 
or  of  number  of  vibra- 

er  minute  between  ad- 
reeds,  is  fixed  ta  suit 

irpose    for   which   the 

aent  is  intended. 

se  it  majr  rest  directly 

;he  frame  of  a  moving 

nism,  it  may  be  con- 
by  belt  or  mechanical 

;  or  it  may  be  connected 

;ally. 

;n  resting  directly  on  the  frame  of  an  engine  the  impulses  due 


Fig.  167.  —  Reeds  of  Fhasu's  Resonance  Tachoueteb. 
•  See  Zeitsrhrift  des  Vereins  Deutscher  ItiR.  Oct.  15.  1904. 
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to  slight  under-  or  over-balancing  are  sufficient  to  set  the  proM 
reed  in  motion,  ] 

When  belted  the  shaft  of  the  tachometer  carries  either  a  sinil 
magnetic  or  a  mechanical  device  for  imparting  vibrations  to  Ibi 
proper  reed.  . 

When  connected  electrically  the  reeds  are  set  in  vibration  by  tl 
variation  of  a  magnetic  field  set  up  by  an  alternating  current,  tl 
alternating  current  being  obtained  from  a  generator  driven  by 
connected  to  the  mechanism  of  which  the  speed  is  to  be  measured. 

no.    The  Chronograph.  — The  chronograph,*  Fig.  i68,  consisi 
of  a  drum  revolved  by  clock-work  so  as  to  make  a  definite  aumbt 


Chbonograpb. 


of  revolutions  per  minute.  A  carriage  having  one  or  two  ptB 
k,  g,  as  may  be  required,  is  moved  parallel  to  the  axis  of  the  cylini 
by  a  screw  which  is  cormected  with  the  chronograph-dnim  A  1 
gearing. 

The  pen  in  its  normal  condition  is  in  contact  with  the  pape 
and  it  is  so  connected  to  an  electro-magnet  that  it  is  moved  wiaB 
on  the  paper  whenever  the  circuit  is  broken.  The  circuit  may  U 
broken  automatically  by  the  motion  of  a  clock,  or  by  hand  withi 
special  key,  or  by  any  moving  mechanism.  Two  pens  arc 
*  See  Thurston's  Engine  and  Boiler  Trials,  page  nfi. 
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employed,  erne  of  'idncb  re^jsters  automatically  the  beats  of  a  Btand- 
aid  clock;  the  otfaa  may  be  airanged  to  note  each  revolution  or 
|.  fcactioQ  oi  a  rerolution  of  a  revolviiig  shafL  The  distance  between 
;  marks  made  by  the  ckick  ^ves  the  distance  conesponding  to 
'«ne  second  of  time;  the  dwgancf  between  the  marks  made  by  break- 

■^  the  diuuit  at  other  jntervals  represents  the  required  time  whicb 
-b  tobe  measured  on  the  same  sraly 

This  ingtnrmi-nt  has  been  in  use  by  astronomers  for  a  long  time 
-  far  nunnte  nKasurcmaits  of  time,  and  by  its  use  intervals  as  short 

as  one  ane-hnmhcdth  (^i)  part  of  a  tifmn^  can  be  measured  accu- 

lUehr. 
TtaUng-fark  Chnmtgraph.  —  A  tuning-fork  emitting  a  muacal 

note  makes  a  r-rmctwnf  and  known  ntmibei  of  vibrations.     The 

nanibeT  of  vibodians  of  the  fork  coTiespoading  to  the  musical  tones 

are  as  foUoiK: 

Note C       D      E       r        G       A       B      C, 

Wbralkms  per  Kaind..i2S  144  160  170^  192  213J  240  256 
H  ixnr  a  mmll  point  or  st^dus  be  attached  to  one  of  the  arm>^  of  a 
toin^-iaik,  as  ^lomn  in  Fig.  169, — in 
irindi  F  is  one  of  1^  azn^  of  the  tnning- 
tc^kf  aod  CA£D  a  piece  of  Ha^tir  metal  K>  ! 
which  the  strhis,  AP,  is  attached,  —  and 

if  the  fork  be  pm  in  i-ibraiioc  and  the 

stylus  pennrTTed  to  come  ir.  coniaci  wiih 

any    soriace    thai    can    be  marked,  a= 

smoked  and  varnished  n.'imdcr  moved  a: 

uiiia>nc  -art-   the  Tforaiioni-  of  the  tumns- 

fork  TdE  be  recorded  or.  iht  cj^mider  b}  b. 

seri^  of  wavy  linei,  a;  showx.  ii.  Fie.   17;:  iht  disianc-   beiwcer. 


the  vxcis  ctcT^siniidinr 


rtTTCTT   mrmneEi:-  t; 
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revolution  or  pmrtion  of  a  revolution  of  the  shaft  whose  speed  is 
required  be  marked  on  the  cylinder,  the  distance  between  such 
maiks,  measured  to  the  same  scale  as  the  wavy  lines  made  bj 
the  tuning-fork,  would  represent  the  time  of  revolution. 

Fig,  171  (from  Thurston's  Engine  and  Boiler  Trials)  represeott 
the  Ranson  chronograph;  in  this  case  the  tuning-fork  is  moitd 
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axially  by  a  carriage  operated  by  gears,  and  is  kept  in  vibration 
by  an  electro-magnet;  the  operation  of  the  instrument  is  the  • 
same  as  already  described.  The  form  of  the  record  being  shown  I 
in  Fig.  170;  the  wavy  marks  being  those  made  by  the  luning-fotks,  . 
those  at  right  angles  being  made  at  the  end  of  a  revolution  of  the  ] 
shaft  whose  speed  is  required,  I 

The  tuning-fork  with  stylus  attached,*  as  in  Fig.  169,  can  be  1 
made  to  draw  a  diagram  on  a  revolving  cylinder  connected  directly  ' 
to  the  main  shaft  of  the  engine,  or  the  shaft  itself  may  be  smoked  • 
and  afterward  varnished.  If  the  fork  be  moved  axially  at  a  per-] 
fectly  uniform  rate,  the  development  of  the  lines  drawn  will  be  fori 
uniform  motion,  straight  and  of  uniform  pitch;  but  for  variations' 
in  speed  these  lines  will  be  curved  and  at  a  varying  distance  apart ; 
From  such  a  diagram  the  variation  in  speed  during  a  single  revolu*. 
tion  can  be  determined. 

•   See  Engine  and  Boiler  Trials,  page  334. 
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mmercial  practice  an  electric  motor  fitted  with  a  heavy  fly- 
id  driven  from  a  constant-voltage  supply,  such  as  a  storage 
has  proven  satisfactory.  It  runs  at  a  much  higher  speed 
;  engine  under  test  and  is  arranged  to  scratch  the  face  of 
ne  flywheel  every  time  its  own  flywheel  makes  one  com- 
nolutioii.  The  constancy  of  angular  speed  of  the  engine 
L  be  obtained  by  measuring  the  distance  between  successive 
I  the  face  of  its  flywheel. 


CHAPTER   DL 

FRICnOH-^TESmiO  OF  LUBRICAKTS. 

113.  Frictum* — This  subject  is  of  great  importance  to  eng 
since  in  some  instances  friction  causes  loss  of  useful  work,  i 
other  instances  it  is  utilized  in  transmission  of  power.  Th 
ject  is  intimately  connected  with  that  of  measurement  of  poi 
d>7iamometers,  treated  in  Chapter  X.  In  connection  with  the 
chapters,  the  student  is  adiised  to  read  Friction  and  Lost 
in  Machinery  and  Mill-work,  bv  R.  H.  Thurston. 

Definitions.  — Friciion,  denoted  by  F,  is  the  resistance  to  i 
offered  by  the  surfaces  of  bodies  in  contact  in  a  direction  par 
those  surfaces. 

The  normal  ff^cey  denoted  by  N,  is  the  force  acting  perpen 
to  the  surfaces,  tending  to  press  them  together. 

The  coefficienl  of  friction,  f  is  the  ratio  of  the  friction,  F, 
normal  force,  X;  that  is.f^F-^  X, 

The  iotal  ^essurey  i?,  is  the  resultant  of  the  normal  pressu 
and  of  the  friction,  F,  and  its  obliquity  or  Lndinalion  to  the  a 
perpendicular  of  the  surfaces  is  the  angle  offriciion,  whose  t 
is  the  coetficient  of  friction. 

The  angU  of  repose,  <^,  is  the  inclination  at  which  a  body 
start  if  resting  on  an  inclined  plane.  It  is  easy  to  show  *  t 
that  condition,  if  H'  is  the  weight  of  the  body, 

W  cos  <l>  =  A';  also,  W  sin  9  =  F; 

and  since  f  ^  F  -^  N, 

-      W  sin  9 

/  =  — : =  tan  <p. 

\\  cos  o 

See  Table  i»  Appendix,  tor  values  of  /  and  <^.* 

♦  Sec  M<Jvhuiutic5»  by  [.  P.  Chupjli;  p.  164- 
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bdt  at  the  same  time.    The  centrifugal  force  of  the  infinitesimal  aic 
ds  may  be  expressed  by 


g  r 


(2) 


where  q  =■  the  weight  of  belt  one  foot  long,  v  =  velocity  of  bekin 
feet  per  second,  r  =  radius  of  pulley  in  feet,  and  g  =*  32.2.  Not 
since  ds  =  rdOf  (2)  may  be  written 


Centrifugal  force  ^  rdd  ~  —  =  -v^80. 

g  ^       i 

The  net  normal  force,  p,  is  therefore 


(3) 


g 

m 

Multipljring  this  by  the  coefficient  of  friction,  /,  we  have  the  total 
Mctional  resistance 


F  =  (r-^t/»W/. 


(4) 


On  the  assumption  that  any  further  increase  in  the  tension  7 
causes  complete  slipping,  we  must  have 


dT=(T-^iA  ddf, 


from  which 


fdd  = 


g 

8T 


{t-^--) 


(5) 


(6) 


Integrating  (6)  between  the  limits  of  T,  and  Tj,  we  have 


fdd  =  log 


g 
g 


(7> 
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If  the  effect  of  centrifugal  force  had  been  neglected,  equation  (7) 
virould  have  been 

fie  =  log  |i,  (8) 

in  which  simpler  form  the  theoretical  result  is  most  frequently 
stated.     Equation  (8)  is  safe  for  moderate  speeds  where  the  action  of 
centrifugal  force  is  much  less  felt. 
By  putting  the  tractive  force 

P  ^T^-T^ 

and  without  entering  into  the  details  of  the  reduction,  the  following 
equations  may  be  derived  from  equation  (7) : 


T'-''ij^)^'f-        (9) 

where  e  =  base  of  natural  logarithms  =  2.718. 

Again  neglecting  centrifugal  force,  equation  (11)  might  have  been 
written 

P  =  r.(:  -  ^)  .  (I.) 

117.  Friction  of  Fluids  (i)  is  independent  of  pressure;  (2)  pro- 
portional to  area  of  surface;  (3)  proportional  to  square  of  velocity  for 
moderate  and  high  speeds  and  to  velocity  for  low  speeds;  (4)  is 
independent  of  the  nature  of  the  surfaces;  (5)  is  proportional  to  the 
density  of  the  fluid,  and  is  related  to  viscosity. 
Based  upon  the  above  laws,  the  resistance  encountered  in  the  case 
'     of  fluid  friction  may  in  general  be  expressed  by 
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in  which 

/  =  coefficient  of  fluid  friction  (abstract  number). 

A  «  area  of  rubbing  surface. 

V  =  velocity  of  motion  of  fluid  over  the  surface, 

jr  =-  heaviness  (density)  of  fluid. 

In  this  expression,  —  —  head  producing  the  velocity  7,  hena 

A}-  —  ^  weight  of  an  ideal  prism  of  height  h  on  area  A^  and  thiij 

therefore  represents  a  force  which  if  multiplied  by  /,  the  coeflBciot] 
of  friction,  gives  the  frictional  resistance. 
The  work  of  friction  per  minute, 

U  ^SV  "fAr—, 

if  V  IS  expressed  in  feet  per  minute. 

Viscosity  and  density  of  fluids  do  not  affect  to  any 
extent  the  retardation  by  friction  or  the  rate  of  flow,  but  have 
influence  uiH)n  tlic  total  expenditures  of  energy.     Molecular  or 
internal  friction  also  exists. 

1 18.  Lubricated  Surfaces.  —  Lubricated  surfaces  are  no  doiAt 
to  l>c  consiilcrcil  as  solid  surfaces,  wholly  or  partially  separated  bf 
a  fluid,  and  the  friction  will  vary,  with  different  conditions,  fam  I 
thai  of  liquid  friction  toahat  of  sliding  friction  between  solids.  Di; 
Thurston  gives  the  following  laws,  applicable  to  perfect  hdrica- 
tit>n  only: 

1,  The  vxxMncicnl  of  friction  varies  inverselvasthe  intcnshrottk 
j>rcss;:7x\  and  :hc  resisiancc  is  inde}>ondeni  of  the  pre^ime. 

--,    The  cvx^iva  icni  varies  wiih  ihe  square  of  the  speed. 

;,    The  Tvsi>:Ance  varies  dirccily  as  :he  anfta  oi  yssnai  aai 

^.    The-  i-r>c:iT.  ■>  rer.uctv.  as  temivrarjie  risesc  .azid  a?  liitTi- 

r^rfiv:  ":  Jro:i4.:«:r-  .i:«c^  r^x  ufuilly  exi>i,  azid  ^xtOBBqwasSi^ '^ 
kv>  ac'y'irT-^TJi  :r.'£  ii^:' ^L  :aSit>  arc  Mkdv  -a-N  be  tbtt  dSersoiiaB 
:bf  L-Xvi..  The  ::«{rt:v:r.:  ::  fnr:5:r.  \t.  ajiy  prjicncal'iMaeiBsiF 
tr  bi  Tna.«£  ut  :c  int  i^-n  .* :  r^:-  rr-zinoueEts..  aoSid  jod  fiiiid  iasm- 
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Testing  of  LubricarUs. 

119.  Determinations  required. — The  following  determinations 
re  required  in  a  complete  test  of  lubricants: 

1.  The  detection  of  adulteration. 

2.  The  detection  of  acids. 

3.  The  detection  of  tendency  to  gum. 

4.  The  measurement  of  density. 

5.  The  determination  of  viscosity. 

6.  The  determination  of  chill  point. 

7.  The  determination  of  flash  point. 

8.  The  determination  of  burning  point. 

9.  The  determination  of  volatility. 

10.  The  measure  of  the  coeflBcient  of  friction. 

11.  The  determination  of  durability  and  heat-removing  power. 

120.  Adulteration  of  and  Impurities  in  Oils.  —  Quantitative 
determinations  of  adulteration  can  be  made  only  by  chemical 
analysis,  but  there  are  certafn  simple  tests  by  which  the  engineer 
can  sometimes  detect  adulteration.  It  should  be  stated,  how- 
ever, that  admixtures  are  not  in  all  cases  to  be  considered  as 
adulteration.* 

Mineral  Oils.  —  The  most  common  case  of  adulteration  in  these 
oils  is  found  in  the  addition  of  animal  and  vegetable  oils  or  mineral 
soaps  to  cylinder  oils.  The  presence  of  animal  or  vegetable  oils  in 
cylinder  oils  is  objectionable  because  when  subjected  to  the  heat 
and  moisture  occurring  in  such  service  they  decompose,  yielding  fatty 
acids  as  one  of  the  decomposition  products.  Such  acids  sometimes 
attack  the  metal  of  cylinder  and  piston  and  are  therefore  undesirable. 
The  presence  of  mineral  soaps  is  objectionable  only  because  they 
give  an  erroneous  impression  of  the  value  of  the  oil  as  a  lubricant, 
increasing  its  viscosity  without  increasing  its  lubricating  powers. 

Adulteration  by  animal  or  vegetable  oils  is  detected  by  mixing 
with  a  sample  of  the  oil  to  be  tested  an  alcoholic  solution  of  sodium 
hydroxide  or  potassium  hydroxide  and  then  gradually  heating  to 
about  200°  F.  The  metal  of  the  hydroxide  saponit"ies  the  faity  acid 
of  the  adulterant  and  the  soap  formed  separates  out. 

*  See  Friction  and  Lost  Work,  bv  R.  H.  Thurston. 
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The  presence  of  mineral  soaps  can  only  be  detected  by  incineraiiiig 
a  sample  of  the  oil  and  judging  the  purity  from  ibe  quantity  ri 
ash.  This  should  not  exceed  about  o.i  per  cent  with  a  piW 
mineral  oil. 

Poorly  refined  mineral  oil  may  contain  sulphur  compoundli; 
Their  presence  may  be  detected  by  heating  a  sample  of  the  oil  to  I 
temperature  of  about  300°  F.  for  fifteen  minutes,  under  which  ci 
ditions  the  presence  of  sulphur  is  indicated  by  a  considerable  darke* 
ing  of  color. 

Animal  and  VegetabU  Oils.  — Owing  to  the  fact  that  mined! 
oils  are  generally  cheaper  than  those  of  animal  and  vegetable  oiigll 
the  former  are  often  used  as  adulterants  for  the  latter.  Tha 
presence  can  be  detected  by  the  saponification  method  above  a 
lined.  In  some  cases  the  admixture  of  mineral  oil  may  be  =0  gn 
that  it  can  be  detected  by  the  bloom  or  sheen  which  all  mineral* 
naturally  possesses.  Under  such  conditions  the  sa^xmification  M^^ 
is  unnecessary.  The  detection  of  bloom  is  made  easy  by  dropjA 
a  small  quantity  of  oil  on  a  "black  plate";  when  looking  at  i 
sample  at  an  angle  the  iridescent  coloring  will  show  strong 
undebloomed  oil  is  present. 

Since  mineral  oil  may  be  debloomed  by  the  addition  of  i 
compounds,   as  nitro- naphthalene    or  bi-nitro-benzol.  the  op^ 
test  must  not  be  regarded  as  absolute  and  in  important  cases  ( 
saponification  method  must  be  resorted  to. 

The  common  way  of  detecting  the  adulteration  of  animal  a 
vegetable  oils  amon^  themselves  is  by  using  the  saponificj 
method  and  making  quantitative  determinations.  It  is  neces 
for  this  purpose  to  accurately  determine  the  quantity  of  hydnal 
necessary  to  completely  saponify  the  oil  and  to  check  with  ll 
theoretically  necessary  for  the  particular  oil  under  considerate 
This  is  evidently  a  m^ter  for  tbc  chemist  and  is  seldom  atter 
by  ihe  engineer. 

Each  animal  and  vegetable  oil  has  a  definite  specific  graviqr  i 
given  temperature,  and  vartatton  from  this  figure  may  be  takenil 
indication  that  impuririi-s  are  present.     There  are  several  oils,  li 
e\er,  whose  specific  gravity  is  \-ery  nearly  the  same  at  the  si 
perature.  and  hence  this  method  of  identification  9 
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Animal  oQs  may  be  disdnguished  from  those  of  vegetable  origin 
\yy  the  fact  that  chlorine  gas  will  turn  animal  oils  brown  and  vege- 
table oils  white. 

121.  Add  Tests.  — Tests  for  acidity  may  be  made  by  observing 
the  effects  on  blue  litmus-pi4>er;  or  better  by  the  following  method 
described  by  Dr.  C.  B.  Dudley:  Have  ready  (i)  a  quantity  of  95 
per  cent  alcohol,  to  which  a  few  grains  of  carbonate  of  soda  have 
been  added,  thoroughly  shaken  and  allowed  to  settle;  (2)  a  small 
amount  of  turmeric  solution;  (3)  caustic-potash  solution  of  such 
strength  that  31}  cubic  centimeters  exactly  neutralize  5  c.c.  of  a 
solution  of  sulphuric  acid  and  water,  containing  40  milligrams 
BjSO^  per  c.c  Now  weigh  or  measure  into  any  suitable  dosed 
vessel  —  a  four-ounce  sample  bottle,  for  example  —  8.9  grams  of 
the  oil  to  be  tested.  To  this  add  about  two  oimces  No.  i ,  then  add  a 
few  drops  No.  2,  and  shake  thoroughly.  The  color  becomes  yellow. 
Then  add,  from  a  burette  graduated  to  c.c,  solution  N0.3  until  the 
color  changes  to  red,  and  remains  so  after  shaking.  The  acid  is  in 
proportion  to  the  amoimt  of  solution  (3)  required.  The  best  oils 
irill  require  only  from  4  to  30  c.c.  to  be  neutralized  and  become  red. 

122.  Gumming  or  Drying. — Gumming  or  drying  is  a  conver- 
sion of  the  oil  into  a  resin  by  a  process  of  oxidation,  and  occurs 
after  exposure  of  the"  oils  to  the  air.  In  linseed  and  the  drying  oils 
it  occurs  verv'  rapidlv,  and  in  the  mineral  oils  verv  slowlv. 

Methods  of  Testing. — Nasmyth^s  Apparatus. — An  iron  plate 
six  feet  long,  four  inches  wide,  one  end  elevated  one  inch.  Six  or 
less  different  oils  are  started  bv  means  of  brass  tubes  at  the  same 
instant  from  the  upper  end:  the  relative  distances  covered  in  a  given 
time  constitute  a  measure  of  the  gumming  property. 

Bailey's  Apparatus  consists  of  an  inclined  plane,  made  of  a  glass 
plate,  arranged  so  that  it  may  be  heated  by  boiling  water.  A  scale 
and  thermometer  is  attached  to  the  plane.  Its  use  is  the  same  as 
the  Nasmj'th  apparatus. 

This  effect  may  also  be  tested  in  an  oil-testing  machine  by  apply- 
ing fresh  oil,  making  a  run,  and  noting  the  friction;  then  exposing 
the  journal  to  the  effect  of  the  air  for  a  time,  and  noting  the  increase 
of  friction.  In  all  cases  a  comparison  must  be  made  with  some 
standard  oiL 
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133*  Denaty  of  Oils.  — The  density  or  specific  gravity  is  usually 
obtained  with  a  hydrometer  (see  Fig.  174)  adapted  for  this  special 
purpose,  and  termed  an  oleometer.  The  distance  that  it  sinks  in  a 
vessel  of  oil  of  known  temperature  is  measured  by  the  graduation  on 
the  stem;  from  this  the  specific  gravity  of  the  oil  may  be  found.  The 
standard  temperature  for  measuring  of  the  density  of  oils  is  60^  F. 
The  density  is  often  eiq)ressed  in  Beaum^'s  hydrometer-scale, 
which  can  be  reduced  to  corresponding  specific  gravities  as  com- 
pared with  water  by  Table  2  given  in  the  Appendix. 

Beamn^'s  hydrometer  is  graduated  in  degrees  to  accord 
with  the  density  of  a  solution  of  common  salt  in  water; 
thus,  for  liquids  heavier  than  water  the  zero  of  the  scale 
is  obtained  by  immersing  in  pure  water;  the  five-degree 
mark  by  immersing  in  a  five-per-cent  solution;  the  ten- 
degree  mark  in  a  ten-per-cent  solution;  etc.  For  liquids 
lighter  than  water  the  zero-mark  is  obtained  by  immer^ 
in  a  ten-per-cent  solution  of  brine;  the  ten-degree  mark 
by  immersing  in  pure  water.  After  obtaining  the  length 
of  a  degree  the  stem  is  graduated  by  measurement. 

The  tendency  to-day  is  to  avoid  the  use  of  arbitrary 
scales,  like  the  Beaum^,  and  to  refer  to  the  standard 
specific  gravity  scale. 

The  density  may  be  found  by  obtaining  the  loss  of 
weight  of  the  same  body  in  oil  and  in  distilled  water. 
The  ratio  of  loss  of  weight  will  be  the  density  com- 
pared with  water. 

It  may  also  be  obtained  by  weighing  a  given  volume  on 
Fig.  174.  a  pair  of  chemical  scales. 

Hydrom-  In  connection  with  the  methods  of  finding  density 
""^  above  outlined  it  is  well  to  remember  that  if  a  sample  of 
oil  is  composite  and  has  stood  in  a  graduate  for  a  considerable 
length  of  lime  the  upper  part  of  the  oil  coliunn  may  be  lighter 
than  the  lower,  in  which  case  the  hydrometer  may  fail  to  give  the 
correct  result.  This  difficulty  can  usually  be  overcome  by  thorough 
stirring  immediately  before  taking  the  reading. 

The  following  table  gives  average  results  of  density  determinations 
for  the  most  corrunon  oils. 
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SPECIFIC  GRAVITY  (AVERAGE)  OF  OILS  AT  60**  F. 

Animal  and  Vegetable  Oils, 

Castor 0.966 

Codon-seed  (refined) o.  923 

Cod-lh€r  (pure) o.  927 

Lard  (winter) o.  917 

Linseed  (raw) o.  929 

Linseed  (boiled) 0.941 

OKve o.  914 

Rape-seed  (white  winter) o.  914 

Resin  (third  run) o .  988 

Seal o.  924 

Speim  (winter) o.  881 

Tallow o.  904 

Whale  (winter) o.  925 

Mineral  Oils. 

Rhigolene o.  622 

Benzine 0.630  to  0.670 

Gasolene 0.680  to  0.700 

Illuminating  oils  (average) o.  780  to  o. 860 

Lubricating  oils o.  860  to  o.  960 

Paraffine  wax o.  890 

124.  — Method  of  Finding  Density.  — A.  WUh  Hydrometer  Ther- 
mometer and  with  Hydrometer  Cylinder, 

1.  Clean  the  cylinder  thoroughly  with  benzine,  then  fill  with  dis- 
tilled water.  Set  the  whole  in  a  water-jacket,  and  bring  the  tem- 
perature to  (kP  F.  Obtain  the  reading  of  the  hydrometer  in  the 
distilled  water  and  determine  its  error. 

2.  Clean  out  the  cylinder,  dry  it  thoroughly,  and  fill  with  the  oil 
to  be  tested;  heat  in  a  water-jacket  to  a  temperature  of  60°  F.,  and 
obtain  reading  of  hydrometer;  also  obtain  reading,  at  temperatures 
0(40°,  80°,  100°,  125°,  and  150°,  and  plot  a  cur\'e  showing  relation 
of  temperature  and  corrected  hydrometer-reading. 

Reduce  hydrometer-readings,  if  in  Beaum^ degrees,  to  correspx^nd- 
ing  specific  gravities,  by  table  given  in  Appendix. 

B.  Weigh  on  a  chemical  balance  the  same  volume  of  distilled 
water  at  60°  F.,  and  of  the  oil  at  the  same  temperature;  and  compute 
the  specific  gravity. 
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C.  Weigh  the  same  metallic  body  by  suspending  from  the  botton 
of  a  scale-pan  of  a  balance:  i.  In  air;  2.  In  water;  3.  IntheoQn 
the  required  temperature.  Carefully  clean  the  body  with  benaue 
after  immersing  in  the  oil.  The  ratio  of  the  loss  of  weight  in  oil  to 
that  in  water  will  be  the  den^ty. 

125.  Visconty.  —  Viscosity  of  oil  is  closely  related  but  not  pn- 
portional  to  density.  It  is  also  closely  related,  and  in  many  ciset 
it  is  inversely  proportional,  to  the  lubricating  properties.  The  rdi- 
tion  of  the  viscosities  at  ordinary  temperatures  is  not  the  same  as  (or 
higher  temperatures,  and  tests  for  viscosity  should  be  made  with  lb 
temperatures  the  same  as  those  in  use.  The  less  the  visco^ty,  con- 
sistent with  the  pressure  to  be  used,  the  less  the  friction. 

The  viscosity  test  is  considered  of  great  value  in  determining  the 
lubricating  qualities  of  oils,  and  it  is  quite  probable  that  by  meansi^ 
it  alone  we  could  determine  the  lubricating  qualities  to  such  an  extot 
that  a  poor  oil  would  not  be  accepted  nor  a  good  oil  rejected.  It  is, 
however,  in  the  present  method  (J 
performing  it,  to  be  considered  as 
giving  comparative  rather  than  ab- 
solute results.  I 

There  are  several  methods  oi 
determining  the  viscosity.  It  is 
usual  to  take  the  viscosity  as  in- 
versely proportional  to  the  rate  oF 
Sow  of  the  oil  through  a  standaid 
nozzle  while  maintaining  a  constant 
or  constantly  diminishing  head  and 
constant  tem[>eratiu:e,  a  comparison 
to  be  made  with  water  or  with 
some  well-known  oil,  as  sperm,  lard, 
or  rape-seed,  under  the  same  con- 
ditions of  head  and  temperature. 

Viscosimeter.  —  A  pifwtte  sur- 
rounded by  a  water-jacket,  in 
which  the  water  can  be  heated  by  an  auxiliary  lamp  and  maint^ed 
at  any  desired  temperature,  is  often  used  as  a  viscosimeter.  Fig.  175 
shows  the  usual  arrangement  for  this  test.     E  is  the  heater  for  the 
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jacket-water,  BB  the  jacket,  A  the  pipette,  G  a  thermometer  for 
determining  the  temperature  of  the  jacket-water.  The  oU  is  usually 
allowed  to  nm  partially  out  from  the  pipette,  in  which  case  the  head 
^^minishes.    Time  tor  the  whole  run  is  noted  with  a  stop-watch. 

In  the  oil-tests  made  by  the  Pennsylvania  Railroad  Company  the 
;  Mpette  is  of  special  form,  boldiog  100  c.c.  between  two  marks, —  one 
^rawn  on  the  stem,  the  other  some  distance  from  the  end  of  the  dis- 
'«baige-nozzle. 

Tagliabite's   VisconwteUr. —  In  Tagliabue's  visco^meter,   shown 
in  F^  176  and  177,  the  ofl  is  contained  in  a  basin  C,  and  trickles 


Fic  176. — Tacuabos's 


Fig.  1 77.  ^  Tacuabde's 


downward  through  a  metal  coil,  being  discharged  at  the  faucet  on 
the  side  into  a  vessel  holding  50  c.c.  The  oil  is  maintained  at  any 
desired  temperature  by  heating  the  water  in  the  vessel  B  surrounding 
the  coil;  cold  water  b  supplied  from  the  vessel  A.  as  required  to  main- 
tain a  uniform  temperature.  The  temperature  of  the  oil  is  taken 
by  the  thermometer  D. 

Gibbf  VisconwKter.  —  In  the  practical  use  of  Wscosimeters  it  is 
found  that  the  time  of  flow  of  100  c.c.  of  the  same  oil.  even  at  the 
same  temperatiu^,  is  not  always  the  same,  — which  is  probably  due 
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to  the  change  in  friction  of  the  oil  arthmng  to  the  sides  of  die 
pipette. 

To  render  the  conditions  which  produce  flow  more  constant,  lb. 
George  Gibbs  of  Chicago  surrounds  the  viscosimeter,  which  isof  tht 
pipette  form,  with  a  jacket  of  hot  oil.  A  circulation  of  the  jacket-dl 
is  maintained  by  a  force-pump.  The  oil  to  be  tested  is  dischazged 
under  a  constant  head,  which  is  insured  by  air-pressure  applied  hfi 
pneumatic  trough.  The  temperature  of  the  discharged  oil  is  mett^ 
ured  near  the  point  of  discharge. 

Perking  Viscosimeier. — The  Perkins*  viscosimeter  conidsts  of  acy> 
lindrical  vessel  of  glass,  surrounded  by  a  water  or  oil  bath,  and  fittel 
with  a  piston  and  rod  of  glass.  The  edges  of  this  piston  are  roupdd^ 
so  as  not  to  be  caught  by  a  slight  angularity  of  motion.  The  din^ 
eter  is  one-thousandth  of  an  inch  less  than  that  of  the  cylinder. 
practice  the  cylinder  is  filled  nearly  full  of  the  oil  to  be  tested, 
the  piston  inserted.  The  time  required  for  the  piston  to  sink  a 
distance  into  the  oil  is  taken  as  the  measure  of  the  viscosity.* 

StUJman^s  Viscosimeier,  — Prof.  Thomas  B.  Stillman  of  S 
Institute  uses  a  conical  vessel  of  copper,  6|  inches  in  length  and 
inches  greatest  diameter,  surrounded  by  a  water-bath,  and 
to  a  small  branch  tube  of  glass,  which  is  graduated  in  cubic 
meters;  the  time  taken  for  25  cc.  to  flow  through  a  bottom 
/«  of  an  inch  in  diameter  is  taken  as  the  measure  of  the 
during  which  time  the  head  changes  from  6  to  5  inches. 
Siillman  makes  all  comparisons  with  water,  which  is  the  most 
veniont  and  uniform  standard.    The  temperature  of  the  oil  b 
at  about  the  center  of  the  \isoosimeter. 

1 1scosimder  iciih  Consfani  Head,  —  A  fbnn  of  viscosimeter 
posiscsses  the  advantage  of  having  a  constant  head  for  flow  of 
Tx^gardless  of  the  quantity  in  the  instrumoit,  as  made  by 
Olscn  &  Co.  of  Philadelphia,  is  shown  in  the  next  figure.    It 
sim{Je  in  form  and  can  be  very  readily  cleaned.    It  is  prodded 
a  jackets  and  oils  may  be  tested  at  any  temperature.     This  i 
ment  is  now  the  principal  standard  used  in  the  Sibley 
Laboratories. 

»  Sw  paper  ^y  rs^  IVn^w.  Vv^  IX.,  TYuistrtksQS  <rf  Am.  SodcQr  d  Medbl 
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Description,  — A,  Fig.  178,   is  a  cup  similar  in  construction  to 
tX^3X  of  the  kerosene  reservoir  of  a  students'  lamp,  with  a  capacity 
of  about  125  c.Cy  and  is  surroimded  with  a 
jacket  Dy  in  which  may  be  placed  insulating 
materials  or  water  to  maintain  a  constant  tem- 
perature while  the  oil  is  flowing;  C  is  a  ther- 
jnometer-cup,    to    the   bottom   of   which    is 
secured  a  small  cap  containing  the  orifice  F; 
N  is  2L  channel  connecting  the  chamber  con- 
taining A  with  C;B  is  one  of  four  small  tubes 
which  admit  air  to  the  interior  of  the  cup  A 
and  thus  maintain  atmospheric  pressure  on  oil 
in  it;  this  action  secures  a  constant  level  of  the 
surface  of  the  oil  in  the  cup  C  and  the  sur- 
rounding space,  at  the  height  of  the  lower 
^    opening  in  the  tube  B.    Hisbl  valve  to  retain 
oil  in  A   while  placing  it  into  D.    M  is  a 
bracket  serving  as  a  guide  for  valve-stem  K. 

The  mechanism  L,  G,  G  is  a  device  for 
opening  and  closing  the  orifice  F  readily,  and 
is  held  in  a  closed  position  by  spring  catch  L. 

The  instnunent  is  supported  by  three  legs  about  eight  inches  in 
length. 

Operation.  — Withdraw  cup  A,  fill  it  in  an  inverted  position  with 
the  oil,  hold  valve  H  on  its  seat,  reinvert  A  and  place  in  position  in 
the  instrument.  The  latter  operation  raises  valve  H  and  the  oil  is 
allowed  to  flow  out  of  A  imtil  chambers  N  and  C  are  filled  a  little 
above  lower  opening  of  tube  B.  A  beaker  graduated  in  c.c.'s,  of 
capacity  of  about  no  c.c,  is  placed  under  F]  L  is  released  and  G 
allowed  to  drop,  permitting  oil  to  flow  through  F  freely  into  the 
beaker.  When  oil  in  C  falls  below  the  bottom  of  tube  J5,  air  is 
admitted  to  the  top  of  the  oil  in  A  and  oil  flows  out  until  it  again 
rises  a  little  above  the  lower  end  of  tube  B,  when  flow  out  of  A  is 
stopped  imtil  the  level  again  falls  below  B.  This  action  continues 
throughout  entire  run,  intermittently  but  so  rapidly  thaJt  a  practically 
constant  head  is  maintained  at  F. 

In  C  a  thermometer  is  suspended  so  that  its  bulb  is  immersed  in 


Fig.  178. 

ViSCOSIMETER. 
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the  oily  by  which  means  the  temperature  of  ofl  can  be  obsenr«i{ 
immediately  before  flowing  out  of  orifice  F,  which  is  essential  kj 
ascertaining  the  relative  viscosity  of  the  oiL  The  ofl  may  be  heatel 
in  the  viscosimeter  by  applying  a  Bunsen  burner,  but  it  is  usudjj 
more  conveniently  heated  in  a  separate  vessd  untfl  it  has  attaind] 
the  proper  temperature. 

Oiher  Forms  of  Viscosimeters.  —  A  simple  form  of  viscosimeter  I 
been  used  with  success  by  the  author,  consisting  of  a  copper  cup 
form  of  a  frustimi  of  a  cone,  having  dimensions  as  follows: 
diameter  1.25  inches,  top  diameter  1.95  inches,  depth  6  inches, 
flow  takes  place  through  a  sharp-edged  orifice  in  the  centre  of  tbel 
bottom  iV  inch  in  diameter.     The  whole  height  is  6}  inches.    The 
instnmient  when  made  of  copper  requires  a  ^ass  oil-gauge,  showiDgj 
the  height  of  the  chI  in  the  viscosimeter.     This  should  be  connected 
to  the  viscosimeter  3  inches  from  the  bottom.    The  time  for  the  flowi 
of  100  c.c.  is  taken  as  the  measure  of  the  viscosity,  during  whkhj 
time  the  head  changes  from  6  to  about  3.5  inches;  the  area  of  exposed] 
surface  diminishes  at  almost  exactly  the  rate  of  decrease  of  velocitf  I 
of  flow,  so  that  the  fall  of  level  is  very  neariy  constant. 

The  comparative  nimiber  of  vibrations  of  a  pendulum  swinging 
freely  in  the  air,  and  when  immersed  in  an  ofl  during  a  given  time, 
is  also  said  to  alTord  a  valuable  means  of  determining  the  viscosity. 

126.  Method  of  Measuring  Viscosity  with  (Msen  i^psxmtos.  —If 
the  nscosimeter  has  a  water-jacket  fill  it  and  arrange  for  the  main- 
tenance of  the  same  at  any  desired  temperature.     This  is  most 
conveniently  done  by  circulation  from  a  water-bath.     FiU  the  cup 
with  the  oil  and  insert  in  the  instrument.     Allow  the  ofl  to  run  out, 
noting  accurately  with  the  stop-watch  the  exact  time  required  to  \ 
discharge  a  given  amount.     Make  determinations  at  60°,  100°,  and  ] 
150°  F.,  two  for  each  temperature.    Clean  the  apparatus  thoroughly  ^ 
at  the  beginning  and  end  of  the  test,  using  benzine  or  alkali  to 
remove  anv  traces  of  oil. 

The  ratio  of  time  of  flow  of  a  quantity  of  ofl  to  time  of  flow  of  an 
equal  quantity  of  water  measures  the  relative  viscosity  of  the  given 
sample  of  oil  to  that  of  water  at  the  given  temperature. 

127.  Chill-point — Cold  tests  are  made  to  determine  the  behavior 
of  oils  and  greases  at  low  temperatures.     By  chifl-pcMnt  is  meant  1 
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Dperatuie  of  soUdificatioo.  The  method  of  test  is  to  expose  the 
e  while  in  a  wide-mouthed  bottle  or  test-tube  to  the  action  of  a 
ig  mixture,  which  surrounds  the  oil  to  be  tested.  Freezing 
res  may  be  made  with  ice  and  common  salt,  with  ice  alone,  or 
5  parts  of  Glauber's  salts,  above  which  is  a  mixture  of  5  parts 
tic  acid  and  5  parts  of  cold  water.  The  temperature  is  read 
L  thermometer  immersed  in  the  oil.  The  chill-point  is  to  be 
by  first  freezing  and  then  determining  the  melting  temperature. 
iuihut?s  Cold-lest  Apparatus.  — Tagliabue  has  a  special  ap- 
is for  the  cold  test  of  oils  shown  in  section  in  Fig.  179.    The 


Flo.  179. — Taouabce's  Cold-test  Apparatus. 

>laced  in  the  glass  vessel,  which  is  surrounded  with  a  freezing 
■e.  The  glass  containing  the  oil  can  be  rocked  backward  and 
d,  to  insure  more  thorough  freezing.  A  thermometer  is 
dinto  the  oil  and  another  into  the  surrounding  air-chamber; 
1  is  frozen,  then  permitted  to  melt,  and  the  temperature 


aaking  this  test  considerable  difficulty  may  be  experienced  in 
lining  the  melting-point,  since  many  of  the  oils  do  not  suddenly 
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freeze  and  xhxm-  like  iraier.  bo:  zraduallv  soften,  amil  tfaej  will  nnai^ 
ran.  and  during  dii5  vbole  change  the  temperature  will  contizuie  n 
rise.  This  is  no  doubc  due  uo  a  mixtixre  of  various  cx>n5dr:ei!3 
with  diferent  meking-pocntSw  In  soch  a  case  it  is  recommecded' 
thai  an  arbiirarv  chUI-poair  be  assumed  at  the  temperanire  *Jx  b  i 
indicated  by  a  thermometer  inserted  in  the  oiL  when  it  has  an^ 
su&ient  duidfrv  u>  run  slowlv  rrom  an  inverted  test-tube.  Tx 
temperature  at  the  beginning  and  end  of  the  process  of  mehhgiitp 
be  observed. 

I2&  Mecliod  o€  Finfing  the  Chill-point.  — Pbur  the  sample  :obe 
tested  into  a  test-nbe  or  other  vessd,  in  which  insert  the  thermometer; 
surround  this  wiih  the  freezing  mixture,  which  mav  be  composed  of 
small  particles  of  ice  mixed  with  sak.  with  provision  for  draining  o3 
the  water.  .\lk>w  the  sam{Je  to  coogeaL  ronove  the  test-tube  or 
vessel  m>m  the  freezing  mixture,  and  while  holding  it  in  the  hasd 
stir  gendy  with  the  thermometer.  The  temperature  indicated  wben 
the  oil  is  melted  is  the  chiQ-point. 

In  case  the  operation  of  melting  takes  i^ace  over  a  range  d 
temperature,  note  the  temperature  at  the  bf^nning  and  also  at 
the  end  oi  the  process  of  melting. 

In  reior:  describe  apparatus  used  and  the  methods  of  testing. 

129.  The  Flash-point.  —  Tk^  Flask-Usi  determines  the  temper- 
ature  si  which  oils  discharge  by  distillaiion  vapors  which  may  be 
i^nittr:.     The  test  is  made  in  two  ways. 

Firstlv.  Wiih  ih€  oPen  cup.  — In  this  case  the  oil  to  be  tested 
b  ;/Laced  in  an  oz'cn  cup  of  waich-glass  form,  which  rests  on  a  sand- 
b^i.  A  thermometer  is  stispended  with  the  bulb  immersed  in  the 
o:1.  Heat  is  at^t/lied  to  the  sand-bath,  and  as  the  oil  becomes  heated 
a  ;iz' ted  taijer  or  match  is  rassed  at  Inter\-als  of  a  few  seconds  over 
the  -  -rface  of  the  oil,  and  at  a  distance  of  about  one-half  inch  from 
i\  \\  the  instant  o:  nashing  the  temperature  of  the  oil  is  noted, 
%-hir,r.  temj^rat^r:  is  the  *'  flash-point," 

F'/.  :*c  sho'vs  Ta^Iiabue's  form  of  the  open  cup,  in  which  heal 
it  >j:>'^.W:  hv  a  soirit-IamD  to  a  water  or  sand  bath  surrounding  the 

«      •  •  • « 

»^     ^    ,^  *'^--     .   ^mmmmm  ••^  -**M^  *-*.*• 

T'.e  nieth'x:  of  ap'l>'inz  the  match  is  found  to  have  great 
:r.r.  -er.r,e  on  the  determination  of  the  dash-point,  and  should  be  dis- 
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finctly  stated  in  each  case.     When  the  vapor  is  heavier  than  air,  a 
lower  flash-point  will  be  shown  by  holding  near  one  edge  of  the  cup. 


Fro.  i8a — Opeh  Cup. 


Secondly.  With  the  closed  oU-cuf.  —  Fig.  i8i  is  a  view  of  Tag- 
liabue's  closed  cup  for  obtaining  the  flash-point;  in  this  instrument 
the  oil  is  heated  in  a  sand-bath  above  a  lamp.  The  thermometer 
gives  the  temperature  of  the  oil.  The  match  is  applied  from  time 
to  lime  at  the  orifice  d,  which  in  the  intervals  can  be  covered  by  a 
slide. 

The  open  cup  is  generally  preferred  to  the  closed  one  as  giving 
more  uniform  determinations,  and  it  is  also  more  convenient  and 
less  likely  to  explode  than  the  closed  one. 

130.  Method  of  Testing  for  Flash-point  —  Put  some  dry  sand 
or  water  in  the  outer  cup  and  some  of  the  oil  to  be  tested  in  the  small 
cup.  Light  the  lamp  and  heat  the  oil  gently— at  the  rate  of  about 
50"  F.  in  a  quarter  of  an  hour.  At  inter\'als  of  half  a  minute  after 
a  temperature  of  100°  F.  is  attained,  pass  a  lighted  match  or  taper 
slowly  over  the  oil  at  a  distance  of  one-half  inch  from  (he  surface. 
The  reading  of  the  thermometer  taken  immediately  before  ihe  vajwr 
flashes  is  the  temperature  of  the  Oash-jx)int. 


256 


EXPERIMENTAL  ENGINEERING 


With  the  closed  cup  the  method  is  essentially  the  same.  The 
lighted  taper  is  applied  to  the  tube  leading  from  the  oil  vessel,  tk 
valve  being  opened  only  long  enough  for  this  purpose. 

131.  Burning-point.  —  The  buming-poifU  is  determined  by  heit- 
ing  the  oil  to  such  a  temperatiure  that  when  the  match  is  ^plied  is 
for  the  flash-test  the  vapors  above  the  surface  bum  continuous^. 
The  reading  of  the  thermometer  just  before  the  match  is  applied  is 
the  burning-point 

132.  Method  of  Testing  for  Boming-point.  — The  burning-point 
is  found  in  the  same  manner  as  the  flash-point,  with  the  opra  cop, 
the  test  being  continued  imtil  the  oil  takes  fire  when  the  match  is 
applied.  The  last  reading  of  the  thermometer  before  combusdoa 
commences  is  the  burning-point 

133.  Volatility.  —  Mineral  oil  will  lose  weight  by  evapontioi^ 
which  may  be  ascertained  by  placing  a  given  weight  in  a  watch-gjas] 
and  exposing  to  the  heat  of  a  water-bath  for  a  given  time,  as  twdMJ 
hours.  The  loss  denotes  the  existence  of  volatile  vapors,  and  sboulil 
not  exceed  5  per  cent  in  gpod  oiL  Other  oils  often  gain  wdght  \ff\ 
absorption  of  ox\-gen. 

134.  CoeflSdent  of  Friction.  — Oil-testing  Machiniwi. — Measm-: 
m^tus  of  the  coejUcienis  offrkiion  are  made  on  oil-testing  marhiiHai|.j 
of  which  various  forms  ha>'e  been  built    These  machines  ait  all 
sixvies  of  dynamometers,  which  provide  (i)  means  of  measuring 
iomI  wvrk  rvcei>vd  and  that  deli>'ered,  the  difierence  being  the 
of  tric;ion;  or  v-^  means  of  measuring  the  work  of  friction  direcdf<j^ 
Machines  of  the  latter  class  are  the  ones  commonly  employed 
thi>  es:Hvidl  purjx^se, 

^j^jW  Oil-Ustimg  iloi'kime. — Rankine  describes  two 
o:  a:^:^^a:us  tor  :escin$  the  lubricaiing  properties  of  oil  and  grease. 

1.   >^jj;5VjJ  .4f  Asnwik^  —  This  consists  of  a  short  cylindrical 
sv.v:vru\:  on  :^n^  bejurin^  arvI  dri\"ien  by  puller's  at  each  end. 
:hc  ir.ivivile  ot  :he  A\ie  4  j*Iumber-biock  was  rigidly  connected  to 
n^.Ass  o:  hejkvy  r.u:eriAl»  torrair*^  a  -pendulum.    The  lubricant  to 
tesuvl  wjis  i-s^Tt^vl  ia  :he  :\urai>cr-bkvk  attached  to  the  pendi 
AiVi*  :"::c  ^wcVxvca;  vx:  frvtv:::  dc:erm;nevi  by  ihe  deviation  of 
}>es*.x;ulu«\  JrvMx;  a  \rr:vjtL.     Ir.  :h:s  ::::j»:hine  the  axle  was  pro^ 
x^^^h  ni'\vr>i:\^»x4ns  so  :h^: ::  cvulii  b«  driven  first  in  one  directiQS|{ 
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hen  in  the  opposite.  With  this  class  of  machine,  if  r  equal  the 
s  of  the  jo\imal,  R  the  eflFective  arm  of  the  pendulimi,  P  the 
force  acting  on  the  journal,  (f>  the  angle  with  the  vertical,  we 
have  the  product  of  the  force  P  into  the  arm  R  sin  <j>  equal 
I  moment  of  resistance  Fr.    That  is, 

Fr  =  PR  sin  ^, 
which 

F      PR  sin  (f>      Jg  sin  0 

P"        Pr        ""       f 

Dynamic  or  Kinetic  Apparatus.  — In  this  case  a  loose  fly- 
of  the  required  weight  is  used  instead  of  the  penduliun.  The 
igs  of  journals  and  of  fly-wheel  are  lubricated;  then  the  machine 
in  motion  at  a  speed  greater  than  the  normal.  The  driving- 
is  then  disengaged,  and  the  fly-disk  rotates  on  the  stationary 
itil  it  comes  to  rest  The  coeflBcient  of  friction  is  obtained  by 
ring  the  retardation  in  a  given  time. 

e  initial  number  of  turns  per  second  =»  n^ 

e  final  number  of  turns  per  second  =  n„ 

J  and  (o^  =  the  corresjK)nding  angular  velocities, 

W  =  weight  of  the  wheel, 

k  =  radius  of  gyration, 

W 
/  =  — jfe*  =  moment  of  inertia  of  the  wheel, 

g 

r  =  radius  of  the  journal,  and 

/  =  time  of  retardation  in  seconds. 
le  loss  in  kinetic  energy 

2    g 
>rk  of  friction  during  /  seconds 

^F.2r:riV±±2by 

WO  expressions  must  be  equal,  and,  remembering  that  a>  — 
le  equation  will  reduce  to 

rt  g 
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Now  F  =  }W,  where /is  the  coefficient  of  friction. 

Hence  finally  ,  ^  2  g  (»^  —  w,)  A' 

'I       F  ■ 

Thurston's  Standard  Oil-testing  Machine.  — This  machine  per- 
mits variation  in  speed  and  in  pressure  on  the  journal;  it  also  affords 
means  of  supplying  oil  at  any  time,  of  reading  the  pressure  on  lis 
journal,  and  the  friction  on  graduated  scales  attached  to  the  macbint 

This  machine,  as  shown  in  the  following  cuts,  Figs.  182  andiS;, 
consists  of  a  cone  of  pulleys  C,  for  various  speeds,    fastened  on 


shaft  A  between  two  bearings  B,  B'.  The  shaft  carries  an  over- 
hanging journal,  F.  about  which  the  pendulum  H  swings.  The 
latter  is  supixirtetl  by  brasses  which  aje  adjustable  and  which 
may  be  set  to  exert  any  given  pressure  by  means  of  an  adjusting 
BCTow  K',  aiting  on  a  coiled  spring  within  the  jjendulum  The 
jirt'ssurc  wi  t^xcrteil  can  be  read  directly  on  the  scale  Jf,  attached  to 
the  pcniUilum;  a.  thermometer  Q  in  the  upper  brass  gives  the  tem- 
perature (if  )1k'  bearings.  The  deviation  of  the  pendulum  is 
measureti  by  a  uraihialeil  arc  PP',  fastened  to  the  frame  of  the 
maihinc.  The  graihialinns  of  the  pendulum  scale  M  ^bov  on  on* 
■tide  II1C  lulal  pressnirc  on  the  journ.il  P,  and  on  the  other  the  preSr 
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ire  per  square  inch  p;  those  on  the  fixed  scale  PP'  show  the  total 
kiion  F;  this^ divided  by  the  total  pressure  P,  gives/,  the  coeffi- 
cnt  of  friction. 

From  the  construction  of  the  machine,  it  is  at  once  perceived  that 
le  pressure  on  the  journal  is  made  up  of  equal  pressures  due  to 
:tioD  of  the  spring  on  upper  and  lower  brasses,  and  of  the  pressure 
X  to  the  weight  of  the  pendulum,  which  acts  only  on  the  upper 
rass.  This  latter  weight  is  often  very  small,  in  which  case  it  can 
c  neglected  without  sen- 
ble  error. 

Thurston's  RaUroad  Lit- 
'kaiU-tesUr.  —The  Thurs- 
m  maclyne  is  made  in 
TO  sizes;  the  larger  one, 
a\iDg  axles  and  bearings 
f  the  same  dimensions  as 
lose  used  in  standard-car 
)nstruction,  Is  termed  the 
Raiht>ad  Lubricant-test- 
ig  Machine."  A  form  of 
lb  machine  is  shown  in 
le  EoOowing  cut,  arranged 
It  testing  with  a  limited 
ipply  of  lubricant.  (See 
'«■  184.) 

Explanation  of  symbols; 
r,  thermometer,  giving 
temperature  of  bear- 
ings. 
R,S,  rubber  tubes  for 
circulation  of  water 
through    the    bear-  Fio. 
ii^. 
N,  burette,  furnishing  supply  of  oil. 
M,  siphon,  controlling  supply  of  oil. 
P,  csmdle-wicking,  for  feeding  the  oil. 
3,  copper  rod,  for  receiving  oil  from  P. 
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The  railroad  testing-machine,  which  is  shown  in  section  in  ] 
185,  differs  from  the  Standard  Oil-testing  Machine  principally  in 
construction  of  the  pendulum.  This  is  made  by  screwing  a  wTouf 
iron  pipe  J,  which  is  shown  by  solid  black  shading  in  Fig.  18;,  i 
the  head  K,  which  embraces  the  journal  and  holds  the  bearingsi 
in  their  place.     In  this  pipe  a  loose  piece  b  is  fitted,  which  bt 
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against  the  under  journal-bearing  a'.  Into  the  lower  end  of 
pipe  J  a  piece  cc  is  screwed,  which  has  a  hole  drilled  through 
center,  through  which  a  rod  /  passes,  the  upper  end  of  wbic 
screwed  into  a  cap  d;  between  this  cap  and  the  piece  c c  a  fl 
spring  is  placed.  The  upper  end  of  the  rod  bears  against  the  p 
b,  which  in  turn  bears  against  the  bearing  a'.  The  piece  h  has  \ 
I,  which  passes  through  it  and  the  pipe  /.  This  key  beam 
Dut  0,  screwed  on  the  pipe.     By  turning  the  nut  0  the  sti 
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oumal  produced  by  screwing  the  rod /can  be  thrown  on  the  key  /, 
^d  the  bearing  relieved  of  pressure,  without  changing  the  tension 
yn  the  spring.  A  coimterbalance  above  the  pendulum  is  used  when 
^curate  readings  are  desired.  The  **  brasses  "  are  cast  hollow, 
^nd  when  necessary  a  stream  of  water  can  be  passed  through  to  take 
up  the  heat,  and  maintain  them  at  an  even  temperature. 

The  graduations  on  the  machine  show  on  the  fixed  scale,  as  in  the 
standard  machine,  the  total  friction;  and  on  the  pendulum,  the 
total  pressures  (i)  on  the  upper  brasses,  (2)  on  the  lower  brasses, 
and  (3)  the  sum  of  these  pressures. 

Theory  of  the  Thurston  Oil-testing  Machines. 

The  mathematical  formulae  applying  to  these  machines  are  as 
follows:  Let  P  equal  the  total  pressure  on  the  journal;  p  the  pres- 
sure per  square  inch  on  projected  area  of  journal;  T  the  tension  of 
the  spring;  W  the  weight  of  the  pendulum;  r  the  radius  of  the 
journal;  R  the  eflFective  arm  of  the  pendulum;  0  the  angle  of  devia- 
tion of  the  pendulum  from  a  vertical  line;  F  the  total  force  of  friction; 
f  /the  coefl&cient  of  friction;  /  the  length  of  bearing-surface  of  each 
[   brass. 

Since  in  this  machine  both  brasses  are  loaded,  the  projected  area 
of  the  joiUTial  bearing-surface  is  2  (2  r)l  =  4  Ir,  We  shall  evidently 
have 

P  =  2T  +  W,  (i) 

^       P       2T  +  W  .  . 

/>  =  -r  = J •  (2) 

I  4  /r  4  /r 

By  definition  f  =  F  ^  P, 

Since  the  moment  of  friction  is  equal  to  the  external  moment  of 
forces  acting, 

Fr  ^  Pfr  ^  f  {2  T  +  W)  r  ^  WR  sin  d.  (3) 

From  which 

.     F      WRsXnd 

In  the  machines  WR  sin  ^  -^  r  is  shown  on  the  fixed  scale,  and  the 
graduations  will  evidently  vary  with  sin  ^,  since  WR  -^  r  is  constant. 
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P,  the  total  pressure,  is  shown  on  the  scale  attached  to  the  pendt^j 
lum. 

In  the  standard  machine  the  weight  of  the  pendulum  is  negl( 
and  P  =  2  T;  but  in  the  railroad  oil-testing  machine  the  weij 
must  be  considered,  and  P  =  2  T  +  JF,  as  in  equation  (i). 

Constants  of  the  Machine. 

As  the  constants  of  the  machine  are  likely  to  change  with  use, 
they  should  be  determined  before  every  important  test,  and  the  final 
results  corrected  accordingly. 

1.  To  determine  the  constant  WR,  swing  the  penduliun  to  a 
horizontal  jK)sition,  as  determined  by  a  spirit-level;  support  it  in 
this  position  by  a  pointed  strut  resting  on  a  pair  of  scales.  From 
the  weight,  corrected  for  weight  of  strut,  get  the  value  of  WR\  this 
should  be  repeated  several  times,  and  the  average  of  these  products 
obtained. 

2.  Obtain  the  weight  of  the  pendulum  by  a  number  of  careful 
weighings. 

3.  Measure  the  length  and  radius  of  the  journal;  compute  the 
projected  bearing-surface  2  (2  /r). 

WR 

4.  Compute  the  constant  ,  which  should  equal  twice  the 

r 

reading  of  the  arc  showing  the  coefficient  of  friction  when  the  pendu- 
lum is  at  an  angle  of  30°,  since  sine  of  30°  equal  i. 

Rielili^s  Oil-testing  Machine.  — This  machine  consists  of  an 
axle  revolving  in  two  brass  boxes,  which  may  be  clamped  more  or 
less  tightly  together.  The  machine  as  shown  in  Fig.  186  has  two 
scale-beams,  —  the  lower  one  for  the  purpose  of  weighing  the  pres- 
sure put  upon  the  journal  by  the  hand-screw  on  the  opjK)site  side  of 
the  machine,  the  upper  one  for  measuring  the  tendency  of  the 
journal  to  rotate.  The  upper  scale-beam  shows  the  total  friction,  or 
coefficient  of  friction,  as  the  graduations  may  be  arranged.  A 
thermometer  gives  the  temperature  of  the  journal;  a  coimter  the 
number  of  revolutions. 

The  Olsen-Cornell  Oil-testing  Machine.  — In  both  the  Thurston 
and  Riehl^  machines  pressure  is  applied  to  both  halves  of  the  bear- 
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ing  and  there  are  consequently  two  points  of  maximum  pressure  on 
the  journal.  This  is  an  unusual  condition  in  actual  practice  and 
is  this  respect  these  machines  faU  to  represent  true  conditions, 
although  the  results  obtained  with  them  can  of  course  be  compared 
among  themselves.  In  the  Cornell  testing  machine,  Fig.  187,  the 
test  bearing  is  a  block  resting  on  the  top  of  the  test  journal,  which 
in  turn  is  supported  by  a  bearing  on  each  side.  The  driving  pulley 
is  placed  next  to  the  test  journal.    The  test  bearing  is  held  by  a 


Fig.  186. — RiEwi.E's  Oil-testino  Machine. 


iMtwhich  is  supported  on  knife-edges  in  the  axis  of  the  test  journal. 
™sure  is  applied  to  the  bearing  by  pulling  down  the  yoke  by 
"WHS  of  a  strong  helical  spring  contained  in  the  cylindrical  case 
""the  base  of  the  machine.  The  force  of  friction  tends  to  swing 
"t  joke  about  its  knife-edges,  which  tendency  is  balanced  by  means 
«  u>e  scale  beam.  The  total  pressure  is  determined  by  calibrat- 
*g  the  load  spring,  the  figures  being  given  on  a  scale  attached  to 
le  spring  case. 
^  in  the  other  machines,  the  coefficient  of  friction  is  equal  to 
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the  force  of  friction,  in  this  case  read  directly  from  the  be«^ 
divided  by  the  total  pressure.     A  test  bearing  of  the  kind  used  il 
this  machine  represents  more  nearly  the  conditions  existing  ii 
actual  bearing. 


Fw.  iS;.  —  Oiscs-CoaxEu.  Oa-Tisnsc  ilACHcre. 


135.   Directions  for  Obtaining  Coefficient  of  Friction  vitb  1 
ton's  Oil-testing  Machines.  —  CteaHtng.  —  In  the  testing  of  oils 
care  must  be  taken  to  prevent  the  mixing  of  different  samples,  andJ 
changing  from  one  oil  to  another  the  machine  must  be  thorouf 
cleaned  by  the  use  of  alkali  or  benzine. 

In  the  test  for  coefficient  of  friction  the  loads,  velocity,  and  tl 
peraiure  are  kept  constant  for  each  run;  the  oil-supply  is  suffi 
til  keep  temperature  constant,  the  journals  being  generally  Soode 
The  toad  is  changed  for  each  run. 

Thf  following  are  the  special  directions  for  the  test  of  CoefficA 
ofFridian^  as  followed  in  the  Sibley  College  Engineering  Laborattfl 

Apparatus. — 'Iltursiun's  Standard  Lubricant -testing  MaclA 
thermomeier;  atttkched  lex'oJutioo-counter. 
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Mdhod.  — Remove  and  thoroughly  clean  the  brasses  and  the 
sleeve  or  journal  by  the  use  of  gasolene.  Determine  the  con- 
stants of  the  machme  as  explained  in  Article  134,  measure  the  pro- 
:  jected  area  of  journal  bearing-surface,  and  the  weight  and  moment 
^of  the  pendulimo*  Ascertain  the  error,  if  any,  in  the  graduation 
i-  of  the  machine,  and  correct  the  results  obtained  accordingly.  Put 
^  the  sleeve  on  the  mandrel;  place  the  brasses  in  the  head  of  the  pen- 
I  dulum  and  see  that  the  pressure  spring  is  set  for  zero  and  pressure 
\  as  indicated  by  the  pointer  on  the  scale.  Slide  the  pendulum  care- 
fully over  the  sleeve,  put  on  the  washer,  and  seciure  it  with  the  nut 
See  that  the  feeding  apparatus  is  in  nmning  order.  Belt  up  the 
machine  for  the  high  speed  and  throw  on  the  {K>wer,  at  the  same  time 
supi^ying  the  oil  at  a  rate  calculated  to  maintain  a  free  supply.  By 
deflectii^  the  penduliun  and  using  a  wrench  on  the  nut  at  the  bottom 
increase  the  pressure  on  the  brasses  gradually  until  the  pointer  in- 
dicates 50  pounds  per  square  inch. 

Make  a  run  at  this  pressiure,  and  also  for  pressures  of  100,  150, 
and  200  poimds;  but  do  not  in  general  permit  the  maximum  pres- 
sure in  pounds  per  square  inch  to  exceed  44,800  -^  {v  +  20). 
Begin  by  noting  the  time  and  the  reading  of  the  revolution-counter  j 
take  readings,  at  intervals  of  one  minute,  of  the  arc  and  the  tem- 
perature until  both  are  constant.  At  the  end  of  the  run  read  the 
revolution-counter  and  note  the  time. 

The  velocity,  v,  of  the  rubbing  surface  in  feet  per  minute  should 
be  computed  from  the  nimiber  of  revolutions  and  circumference  of 
the  journal. 

Make  a  second  series  of  runs,  with  constant  pressure  and  variable 
speed. 

In  report  of  the  test  state  clearly  the  objects,  describe  apparatus 
used  and  method  of  testing. 
Tabulate  data,  and  make  record  of  tests  on  the  forms  given. 
Draw  a  series  of  curves  on  the  same  sheet,  showing  results  of  the 
various  tests  as  follows: 

1.  With  total  friction  as  abscissae,  and  pressure  per  square  inch  as 
ordinates;  for  constant  speed. 

2.  With  coefficient  of  friction  as  abscissae,  and  pressure  per  square 
inch  as  ordinates;  for  constant  speed. 
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3.  With  coefficient  of  friction  as  abscissie,  and  velocity  of  nibbing 
in  feel  per  minute  as  ordinates;  pressure  constant, 

136.  Instructions  for  Use  of  Thurston's  R.  R.  Lubricant' 

—  Follow  same  directions  for  coefficient  of  friction-test  as  given 
for  the  standard  machine,  applying  the  pressure  as  explained 
Article  135. 

Water  or  oil  of  any  desired  temperature  can  be  forced  tfaroagl 
the  hollow  boxes  by  connecting  as  shown  in  Fig.  184,  and  t 
temperature  of  the  bearings  thus  maintained  at  any  desired  poll 
With  this  arrangement  the  machine  may  be  used  for  testing  cylindi 
stock,  as  explained  in  directions  for  using  Boult's  machine.  Tit 
concise  directions  are: 

1.  Clean  the  machine, 

2.  Obtain  the  constants  of  the  machine;  do  not  trust  to  tlH 
graduations. 

3.  Make  run  under  required  conditions,  which  may  be  with  eacB 
rate  of  speed. 

a.  With  flooded  bearings,  temperature  variable. 

6.  With  flooded  bearings,  temperature  regulated  by  forcinf 

oil  or  water  through  hollow  brasses. 
c.  Feed  limited,  temperature  variable  or  temiwraturc  regit 

laled. 
In  all  cases  the  object  will  be  to  ascertain  the  coefficient  of  friclioc 

137.  Durability  of  Lubricants. — In  this  case  the  amount  I 
oil  supplied  is  limited,  and  it  is  to  be  used  for  as  long  a  time  us 
will  continue  to  cover  and  lubricate  the  journal  and  prevent  abr&siol 
To  give  satisfactory  results,  this  requires  a  limited  supply  or  apO 
fectly  constant  rate  of  feed,  an  even  distribution  of  the  oil,  and 
restoration  of  any  oil  that  is  not  used  to  destruction;  these  reqiUH 
ments  present  serious  difficulties,  and  present  methods  do  nol  fft 
uniform  results.*  The  method  at  present  used  is  lo  consider  tM 
endurance  or  durability  proportional  to  ihe  time  in  which  a  limiW 
amount,  as  one-fourth  c.c,  will  continue  to  cover  and  lubricate 
journal  without  assuming  a  pasty  or  gummy  condition,  and  witlfl 
out  giving  a  high  coefficient  of  friction.     The  average  of  a  nuoA^I 

•  See  paper  by  Professor  Denton,  Vol.  XI.,  p.  1013,  Tranakctioiu  d 
Society  of  Mechanical  Engineets. 
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of  nins  is  taken  as  the  correct  determination.  In  this  test  care  must 
be  taken  not  to  injure  the  joumaL 

The  time  or  number  of  revolutions  required  to  raise  the  tempera- 
ture to  a  fixed  point  — for  instance,  160^  F.  — is  in  some  instances 
considered  proportional  to  the  durability. 

ij8.  Durability-testing  Uachises.  — The  Ashcroft  and  the  Boult 
machines  are  especially  designed  for  determining  the  durability  of 
oik  — from  the  former  by  noting  the  rise  in  temperature,  from  the 
latter  by  noting  the  change  in  the  coefficient  of  friction.  The 
diiculty  of  properly  making  this  test  no  doubt  lies  in  the  loss  of  a 
TCTT  slight  amount  of  oil  from  the  journals,  which  is  sufficient,  how- 
ever, to  make  the  results  very  uncertain. 


FlO.    18S, ASHCSOPT  OlI>TESTIN0   MACHINE. 


Ashcrofl's  OU-iesling  Machine.  — This  machine  (Fig.  188)  con- 
sists of  an  axle  revolving  in  two  brass  boxes;  the  pressure  on  the  axle 
is  regulated  by  the  heavy  overhanging  counterpoise  shown  in  the 
Engraving.     The  tendency  to  rotate  is  resisted  by  a  lever  which  is 
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connected  to  the  attached  gauge.    The  gauge  is  graduated  to  ^« 
coefficient  of  friction. 

The  temperature  is  taken  by  an  attached  thermometer,  and  the 
number  of  revolutions  by  a  counter,  as  shown  in  the  figure. 

In  this  machine  the  weights  and  levers  are  constant,  the  variables 
being  the  temperature  and  coefficient  of  friction. 

It  is  used  exclusively  with  a  limited  supply  of  oil,  the  value  ot  the 
oil  being  supposed  to  vary  with  the  total  number  of  revolutions 
required  to  raise  the  temperattire  to  a  given  degree  — for  instaoce, 
to  I 60°  F. 

Boult's  Lubricant-teeing  Machine.  —  This  machine,  designed  b)' 
W.  S.  Boult  of  Liverpool,  is  a  modification  of  the  Thurston  oil- 
tester,  yet  it  differs  in  several  essentui 
features.  A  general  view  of  the  machiw 
is  shown  in  Fig.  189,  and  a  section  of  its 
boxes  and  the  surrounding  bush  in  F^ 
190.    The  machine  is  designed  to  accom- 
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ollowing  purposes:  i.  Maintaining  the  testing  journal  at 
d  temperature.  2.  Complete  retention  on  the  rubbing 
I  the  oil  under  test.  3.  Application  of  suitable  pressure 
bing  surfaces.  4.  Measurement  of  the  friction  between 
g  surfaces. 

re  the  complete  retention  of  the  oil,  a  complete  bush  with 
inges  is  used  instead  of  the  brasses  employed  in  other  oil- 
chines.  On  the  inside  of  the  bush  is  an  expanding  journal 
190,  the  parts  of  which  are  pressed  outward  against  the 
ig  bush  by  the  spring  £,  or  they  may  be  drawn,  together 
•screws  BB,  compressing  the  spring  E.  A  limited^amount 
d  from  a  pipette  or  graduated  cylinder  onto  the  journal, 
ush  removed.  This  oil,  it  is  claimed,  will  be  maintained 
er  surface  of  the  journal  and  on  the  interior  surface  of  the 
ush,  so  that  it  may  be  used  to  destruction.  The  bush  is 
d  can  be  filled  with  water,  oil,  or  melting  ice  and  brine, 
to  be  tested  can  be  maintained  at  any  desired  temperature 
er  F,  which  heats  the  liquid  CC  in  the  surrounding  bush, 
^rature  of  the  journal  can  be  read  by  a  thermometer  whose 
verted  in  the  liquid  CC. 

:tion  tends  to  rotate  the  bush;  this  tendency  is  resisted  by 
mected  by  a  chain  to  an  axis  carrying  a  weighted  pendulum 
\9. 

)tion  of  the  pendulum  is  communicated  by  gearing  to  a 
sing  over  a  dial  graduated  to  show  the  total  friction  on  the 
urfaces. 

muke  for  use  of  the  instrument  would  be  as  follows:  Let  / 
B&cient  of  friction;  G  the  weight  of  the  bob  on  the  pendu- 
5  lever-arm;  a  the  angle  made  by  the  pendulum  with  the 

the  length  of  the  connecting  lever;  c  the  radius  of  the  axis 
he  pendulum  is  attached;  r  the  radius  of  the  journal;  A  the 

area  of  the  journal;  P  the  total  pressure  on  the  journal. 

-  •  —  .  G  sin  a  ^  JAFy 

f      c 

-      aGi?  sin  a      sin  a,,  ^     ^ 

/  = = X  a  constant. 

^         rcAP  P 
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In  this  instrumeiit  the  total  pressure  P  is  usoallj  constant  aai 
equal  to  68  pounds,  so  that  the  graduations  on  the  dial  mostlel 
proportional  to  sin  a. 

If  the  graduations  are  correct,  the  coefficient  b  fotmd  by  dhri&|l 
the  readings  of  the  dial  by  P  (68  pounds).  The  work  of  frictioiiiij 
the  product  of  the  total  space  travelled  into  the  total  friction,  and 
this  space  in  the  Boult  instrument  is  two-thirds  of  a  foot  for  eaA 
revolution,  or  two-thirds  of  the  number  of  revolutions^ 

The  instrument  cannot  be  used  with  a  constant  feed  of  oil,  nor 
can  the  pressures  be  varied  except  by  changing  the  ^>ring  £. 

139.  Directioos  for  PorabiKty>tg«t  of  Oils  with  Boolt'a  Ofl-tertni 
Machine.  —  To  fill  cylindrical  oil-bath,  take  out  the  small  thumb- 
screw and  insert  a  bent  funneL  Pour  in  oil  — any  sort  of  heavj 
ofl  mav  be  used  —  until  it  overflows  from  the  hole  in  which  funnd 
is  inserted,  and  replace  thumb-screw. 

1.  See  that  the  friction  surfaces  are  perfectly  dean.  These  caa 
be  examined  by  tightening  the  set-screws  in  order  to  compress  the 
spring.  This  will  enable  the  cylindrkral  bath  to  be  lifted  away. 
After  seeing  that  the  surfaces  are  perfecdy  clean,  pour  on  a  measured 
quantity  of  the  lubricant  to  be  tested,  and  set  the  bath  in  positioo. 
Slacken  set-screws  so  as  to  allow  the  spring  to  have  full  pressure. 
The  set-screws  should  not  be  removed  entirely  when  slackening. 

2.  Light  the  Bunsen  burner. 

3.  Heat  the  oil-jacket  until  the  temperature  at  which  the  oil  is  to 
be  used  is  reached. 

4.  Read  revolution-counter,  start  machine  and  note  initial  friction 
reading.  Continue  run  until  friction  has  increased  30  per  cent 
above  its  initial  value.  In  some  cases  it  is  preferable  to  run  the 
tester  until  there  is  a  rise  of  loc  per  cent  of  the  friction  first  indicated. 
There  does  not  appear  to  be  any  advantage  in  going  beyond  this, 
as  the  oil  is  then  practically  unfit  for  further  use,  and  there  is  danger 
of  roughening  the  friction  surfaces. 

^.  WTien  it  is  considered  desirable  to  ascertain  the  distance 
travelled  by  the  friction  surfaces  during  a  test,  read  off  the  counting- 
indicator  before  and  after  the  test,  subtract  the  lesser  from  the 
greater  total,  and  the  difference  will  represent  the  nimiber  of  revo- 
lutions made  during  the  test.     As  the  friction  surfaces  travel  two- 
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lirds  of  a  foot  during  each  revolution,  the  number  of  feet  travelled 
>  arrived  at  by  simply  deducting  from  the  number  of  revolutions 
nade,  one-third  thereof. 

The  value  of  the  oil  is  proportional  to  the  number  of  feet  travelled 
oy  the  rubbing  surfaces. 

The  speed  at  which  the  tester  should  be  run  should  be  about  five 
to  six  hundred  revolutions  per  minute.  For  high-speed  engine-oil 
the  speed  may  be  increased  to  about  a  thousand  per  minute. 

140.  Friction  of  Ball-  and  Roller-bearings.  —  Within  recent  years 

baD-  and  roller-bearings  have  come  into  great  prominence  because 

;  of  their  low  coeflScient  of  friction  and  their  capacity  to  endure  abuse 

,(rf  various  kinds.     The  common  tests  of  such  bearings  may  be 

divided  into  two  classes: 

1.  Tests  made  to  determine  useful  life  of  bearing  under  given 
bad)  and 

2.  Tests  made   to  determine  the  coefficient  of  friction   under 
different  conditions. 

For  the  purpose  of  the  first  test  any  machine  by  means  of  which 
bown  load  can  be  maintained  on  the  bearing  to  be  tested  and 
h  will  record  the  total  number  of  revolutions  up  to  the  point  of 
,  may  be  made  to  give  satisfactory  results. 
A  machine  for  the  second  test  is,  however,  much  more  difficult  of 
ction,  as  the  friction  loss  to  be  measured  is  relatively  very 
,  necessitating  light,  accurate  parts,  while  the  loads  applied 
ly  be  great,  calling  for  stiff  and  heavy  mechanism.       Machines 
been  built  along  two  distinct  lines  and  the  success  or  failure  of 
type  depends  to  a  great  extent  upon  conditions. 
In  the  first  type  several  similar  bearings  of  the  type  to  be  tested 
rt  a  rotating  member  which  is  driven  by  an  accurately  cali- 
motor.    Means  are  provided  for  applying  loads  as  desired 
the   test-bearing   friction   loss   is  found   from    the   electrical 
t  corrected  for  motor  losses.     The  total  friction  loss  divided 
%  the  number  of  bearings  is  assumed  to  be  the  loss  due  to  each 

■  The  second  type  of  machine  operates  in  much  the  same  way  as 
the  Thurston  and  Riehl^  machines  just  described,  the  rotating  part 
trf  bearing  and  shaft  being  driven  in  any  convenient  way  and  the 
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friclional  resistance  being  determined  by  measuring  or  wei^ung 
tendency  of  the  outer  or  stationary  parts  of  the  bearing  to  turn. 
A  very  complete  machine  of  this  type  was  recently  devdoped 

Henry  Hess  of  Philadelphia,  and  dcscifl 
t  in  a  paper  before  the  A.  S.  M.  £., 
rw\  1908.  This  machine  is  capable  of  mc 
uring  the  bearing  capacity  and  the  fi 
tional  resistance  of  a  ball-  or  roller-be 
ing  loaded  radially  or  axially  or  both.  1 
line  drawings.  Fig.  191  and  Fig.  192,  sh 
the  method  of  operation. 

In  Fig.  191,  A  is  the  bearing  to  be  tesi 

mounted  on  the  end  of  a  shaft.   The  on 

membtf  is  held  in  a  stn^  AB^  hinged 

the  rod  BC,  which  is,  in  turn,  hinged  ti 

'^ '^'^  weighing  system  represented  by  C£.  W 

ihe  bearing  at  rest  the  points  A^B  and  C  are  in  a  vertical  I 

but  if  the  shaft  is  rotated  in  the  directicm  of  the  arrow  the  vaiil 


•:  •    ^ 


y^  ?ia- 


>iT,"k^  Jtsjcjw^  4^  rvtjftva  5£?r.Tikr.  ihivxyci  an^cia 
vs*:  >Lv*^.  '-':*:  :5jt  %^;r^.  TV  itfiecD^i  oa"  i3ae  point  B,  ori 
>ii-«ci-i«-  ",viif5":  3^ ,.  5:^  4  3tsu£!^-.rt  .ic  -^  :eaaeanr  «>  nam,  or  of  I 
ivN^qi^fc  !rrk^":vc;,  »k^  :->f  Trjc-hiuj  i>  5c  jcTKased  diat  this  ddi 
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;.  192  shows  the  arrangement  for  applying  axial  loads.  G  is 
e  which  serves  to  draw  the  yoke  F  against  the  bearing  with 
lesired  force  and  also  resists  the  tendency  of  the  yoke  to  turn 
isting  to  such  a  point  that  its  torsional  resistance  is  sufficient 
le  purpose.  The  amount  of  frictional  resistance  can  be  meas- 
by  dropping  weights  into  one  or  other  of  the  pans  P  so  as  to 
the  pointer  which  is  carried  by  the  yoke  back  to  the  zero 

len  the  journal  is  submitted  to  combined  radial  and  thrust  loads 
^flection  of  the  point  5,  Fig.  191,  measures  the  total  friction. 
.   Forms  for  Report  — The  following  are  the  forms  used  in 
r  College  for  data  and  results  of  lubricant-tests: 


SIBLEY   COLLEGE,  DEPARTMENT  OF  EXPERIMENTAL 

ENGINEERING. 


VISCOSITY-TEST, 


f  Oil . . . 
'd  from 


Date 


191 


Gravity  at 

.%     Tar %     ChUl-point 


<( 


<( 


°F.,     Beaum^  Scale °B. 

"       Water  as  i.ocx> 

*»F. 


15- Pt ®  F.    Loss  at 

r-pt *»F.     Add... 

rrs 


F.  for  3  hours % 


RESULTS  OF  VISCOSITY-TEST. 


ime  of  Flow  of C.C.  In  Sec. 

Temperature 
Deg.F. 

Viscosity. 

Sample. 

I.ar<1  Oil. 

Water. 

Water  1.00. 

Lard  OU  1.00. 

• 

- 

*•"**■* 

1 

. — 

ESOEBItSEttTAL  ENC^NEERINO 
oBHnTAXioin  or  Tnoosirr-nwr. 


S4SflTSII 


Temjienture  M  b«(UiBing 


Tempentare  U  end  ol  na. 


ATsregg  teioperatnr 
Time  ol  flow  ot 


FRICTION    OP    BEAHING    METALS    AND    LUBRICANTS. 

Name  of  Lubricant 

Bearing  Metal 

Journal Diam. 

Beariog-aurfacc:  Length Width. Area. ; 

Moment  of  Pendulum 

Obaerven DMb 


Ml  t           emiffll     (rffrteHon 

Bciolo-  |TuDper» 

TfUl 
Friotion. 

nleut  of 
Frlotlon, 

Time. 

RSTOlO- 

tlonipv 

^o™"J('' 

^ 

_t..........L 

' 

;m-j    4 

'  ^ 

t 
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CHAPTER  X. 

MKASTTRSMERT  AITD  TRANSMISSION  OF  POWER. 

4a.    I>cfiiiitioiis.  —  Power  is  the  rale  of  doing  work,  while  woi 
neasured  by  the  product  of  force  times  distance  passed  througl 
we  let  P  equal  a  force,  /  the  distance  passed  through  by  the  poin 
application  of  this  force,  and  /  the  time  in  seconds  required  tc 
ss  thiougli  the  dbtance  /,  then 

work  =  P  X  /  (i) 

id 

/ 
power  =  P  X  -  (2) 

lie  factor  -  is  the  distance  passed  through  per  second  and  is  called 

)k  velocity. 

1!  work  is  done  by  a  rotating  torque,  Eqs.  (i)  and  (2)  are  easily 

vdified.     Thus  suppose  that  the  force  P  acts  at  an  arm  a  from 

to  center  of  rotation  and  that  the  number  of  revolutions  made  in 

iKonds  is  n.     Then  the  distance  passed  through  by  the  point  of 

|iication  of  the  force  P  during  n  revolution  is 

/  =  2  ;ran, 

I  IS  before, 

work  —  P  X  2  Tran,  (3) 

power  -  P  X  — • —  (4) 

•  (4)  may  also  be  written 

power  ^  Pa  X  -^  =  Paw,  (5) 

K 

±111  »  angtilar  /doc/"^  (radians)  in  unit  time. 

ng^h  units,  P  is  expressed  in  pounds  and  /  and  a  in  feet, 
the  unti  of  ivork  is  the  foot-pound  and  the  unit  of  power 
-pound  per   unit  time.      The  latter  unit  is  too  small  for 
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ordinan'  commercial  use  and  hence  the  common  power  unit  b  tix 
arbitrarily  chosen  horse  power,  which  is  equi\'alent  to  550  ft.-Ib5.pcr 
second  or  33,000  ft.-Ibs.  per  minute.  The  commercial  unit  ofek- 
trical  power  is  the  kilowatt,  which  is  equivalent  to  1.34  H.P..  i  HP. 
being  equal  to  .746  K.W.  The  horse  power  unit  of  the  metric  s}^tea 
is  equal  to  75  kilogram- meters  per  second.  The  metric  horse  power 
is  therefore  only  98.63  per  cent  of  the  English  horse  power. 

143.  Measurement  of  Power.  —  It  must  be  evident  from  a  sr^j 
of  Eqs.  (2)  and  (5)  that  the  measurement  of  power  resolves  i'^li 
into  the  measurement  of  forcQ  and  linear  velocity,  or  torque  and 
angular  velocity.  The  measurement  of  the  velocitj*  factor  is  usu- 
ally ver}'  simple;  that  of  the  force  or  torque  factor  is*  however,  ottea 
quite  complicated.  Instruments  and  machines  used  to  measure 
power  are  collectively  known  as  dynamometers.  There  are  rwo 
distinct  types,  the  absorption  and  the  transmission  d\Tiamometer. 
In  the  former,  as  the  name  indicates,  the  power  b  absorbed,  or  in  a 
sense  destroyed,  being  generally  converted  into  heat  which  is  dis- 
sipated, although  the  electric  generator  may  be  considered  a  form 
of  absorption  draamometer.  Transmission  d\'namometers.  on  the 
other  hand,  except  for  the  losses  due  to  friction  in  the  d\'namometer 
itself,  transmit  the  power  from  the  prime  mover  to  the  power  con- 
sumer. The  electric  motor,  which  is  finding  more  and  more  ex- 
tended use  in  the  measurement  of  power,  may  be  classed  under  this 
hear]. 

144.  Absorption  Dynamometers.  —  The  most  common  example 
of  this  form  of  dynamometer  is  the  ordinar}-  Prony  brake.     In  Fig. 
193.  ABC  is  a  strap  or  band  surrounding  the  circumference  of  the 
wheel  tr,  which  is  driven  by  the  machine  whose  power  output  is  to 
be  mea-ured.     If  the  strap  is  drawn  up  by  means  of  the  clamp  AC 
sumciendy  for  the  friction  between  the  strap  and  the  surface  of  the 
whetl  :o  overcome  the  weight  of  the  strap,  the  latter  will  be  carried 
around  v.ith  the  wheel  imless  prevented  by  an  arm  DE  resting 
again -t  a  solid  ^u{j{x>rt  at  E,      Usually    in   this  construcUon  of 
I^rony  orake  a  second  arm  or  link  FII  is  put  in  merel}  nO  stiffen 
and  to  help  5up;K')rt  the  strap.     The  tcndenc}-  of  the  strap  to  'iT>tate 
will  -.roduce  sfjme  reaction  G  at  E.  the  magnitude  of  which  depends 
entirL-iy  u:x>n  the  friction  produced   by  adjusting  the  clamp  AC, 
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the  figure  let  a  be  the  arm  in  feet  at  which  the  force  G  acts, 
^ote  that  in  all  cases  this  arm  must  be  measured  from  the  center 
of  the  wheel  perpendicular  to  the  line  of  action  of  the  force  G  (see 
tlxe  modifications  in  Fig.  194).  Also  let  n  be  the  number  of  revo- 
lutions per  minute  made  by  the  wheel.  Then,  if  the  strap  were  free 
to  travel  with  the  wheels  the  point  E  would  in  one  minute  describe 
&  path  equal  to  2  nan  feet,  and  this  path  would  be  described  against 


Fig.  193.  — Prony  Brake. 


a  resistance  equal  to  G  pounds.     The  work  done  therefore  is  2  TzGan 
foot-poimds,  and  the  horse  power  developed  would  be 

4 


horse  power 


2  7:Gan 


33,000 
In  the  above  application  of  these  brakes,  the  factor 


(6) 


2  7:a 


in  the 
33>ooo 

above  equation  is  a  constant,  and  it  becomes  necessar}'  merely  to 

determine  G  and  n.     The  latter  may  be  found  by  any  of  the  many 

types  of  speed  counters.     In  the  determination  of  G  for  the  type  of 

brake  shown  in  Fig.  193  and  in  Fig.  194  A  it  should  be  noted  that 

G  is  the  net  reaction  on  the  scale  or  other  apparatus  used  to  measure 

it,  and  not  the  total  weight  shown,  because  the  latter  is  too  large 

by  the  action  of  the  weight  of  the  arm  and  of  the  support.     For 

small  and  medium  sized  brakes,  or  whenever  the  machine  whose 

output  is  measured  can  be 'slowly  rotated  in  either  direction,  the 
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simplest  way  of  determinii^  the  brtAe-sero,  as  it  is  caUed,  is  tof4 

ceed  as  follows:  .    ..% 

Let  It'  be  the  we^ht  of  whatever  support  for  ^  bimke-am:tlM 

may  be  on  the  scale.. 

TTj  be  the  downward  force  due  to  the  weight  of  Hie 

arm. 

F  be  the  force  of  friction  generated  between  Acataipitt 
the  wheel  when  turning  the  wheel  in  either  directioa 
die  same  speed. 


Fic.  194.— A  TO  C.  Vakious  Types  of  Pxohy  BttAzn. 
'  Turn  the  wheel  first  in  the  direction  of  the  arrow  in  Fifr 
we  have  G,^  W  +  W,+ F.  .       "  -  .  ;•  f 

Next,  turn  in  the  opposite  direction;  then 

G,=  W  +  W^-  P. 
Therefore,  by  addition, 

G.+  G,=  2{ir  + W^ 

2  ._.  j_ 

W^  can  now  be  obtained  by  itself  by  determining  the  acttialjij 
W  of  the  support.    In  most  cases,  however,  it  is  not  ne(^4i 
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aow  this,  and  W  +  W^]s  usually  known  as  the  brake-zeiD  reading. 
Iiis  roust  be  subtracted  in  all  cases  from  the  total  scale  reading  to 
btarn  G  for  formula.  (6). 
In  case  it  should  not  be  pos^ble  to  turn  the  jnachine  over  slowly 

I  either  direction,  as  above  indicated,  the  following  procedure  may 
ometiines  be  used.  Place  a  man  on  the.  scale  and  let  him  ^wly 
lise  and  depress  the  brake-arm  through  a  small  angle  .above  and 
cbw  its  normal  position  and  against  a  small  friction.  Care  should 
le  taken  to  apply  the  [Hcssure  to  the  brake-arm  exactly  below  or 
.bove  the  knife-edge  support  with  which  all  brake-arms  should  be 
smi^ied    near    the    end. 

)etermine  the  two  reac- 
iras  on  the  scale.  The 
DID  of  these  divided  by  2 
in  then  be  the  weight  of 
K  man  plus  the  partial 
tight  of  the  brake-arm 
sting  on  the  scale.  Sub- 
act  the  weight  of  the  man 
id  add  that  of  the  support 
■  pedestal  for  the  arm,  if 
le  is  used.  The  result 
Q  be  the  brake-zero. 
Id  the  case  of  the  brake 
own  in  Fig.  194  B,  rota- 

II  as  indicated  by  the 
»w  gives  a  reading  on 
;  balance  equal  to  G^  =  F  —  W„  while  if  the  wheel  is  turned  in 
!  other  direction,  the  balance  must  be  placed  above  the  brakc- 
n,  and  its  reading  will   be  Gs  =  F  +  W^.    From  this-  again 

—  — ' ',  but  in  this  case,  when  the  brake  is  used  as  shown 

2 

Fig.  194  B,  W^  must  be  added  to,  not  subtracted  from,  the  read- 

;  of  the  balance.    In  this  construction  Tf  =  o. 

[n  Fig.  194  C  we  have  what  is  known  as  a  balanced  brake,  i.e., 

-  o,  and  the  brake-zero  is  then  merely  the  weight  W  of  what- 
T  support  there  may  be  on  the  scale. 


Fio,  195.  —  Rope  Brake. 
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Fig.  194  D  shows  a  very  simple  form  of  strap  or  band  bn 
which  a  weight  G  is  placed  in  a  scale  box  or  pan,  whkh  wd 
held  floatmg  off  the  floor  by  the  friction  acting  on  the  strap  lak 
the  pulley,  as  shown.  The  left-hand  end  of  the  strap  is  usuaD 
fastened  to  the  floor,  but  except  as  a  matter  of  safety  or  conya 
this  is  not  necessary.  It  merely  helps  to  guide  the  strap  a 
prevent  the  weights  from  crashing  to  the  floor  should  the 

stop.  If  the  left-hand  end 
cured,  care  must  be  taken  1 
that  the  friction  alone  is  al 
overcome  the  weight  G,  tb 
that  there  is  no  tension  in  tl 
side  of  the  strap.  To  mab 
of  this  a  spring  balance  B  is 
times  interposed  as  shown, 
active  force  acting  in  this  bi 
evidendy  the  weight  G+  the  1 
of  the  pan  or  box,  while  the 
arm  is  equal  to  the  diameter 
wheel  +  \  the  thickness  of  st 
rope.  The  scale  pan  shou 
fastened  by  means  of  a  stoul 
as  shown,  to  prevent  the  \ 
being  pulled  over,  the  whe 
accident. 

The  brakes  shown  in  Fig 
and  196,  usually  constructed  fl 
brakes,  are  modifications  of  tl 
damental  type  of  Fig.  194  Z). 
145.  The  Design  of  Prony  Brakes.  —  The  material  for  the 
may  be  anything  that  is  sufficiently  flexible  and  strong.  Fd 
brakes,  leather  beltmg,  either  directly  in  contact  with  the  a 
of  the  wheel  or  serving  as  a  holder  for  a  number  of  naxnnv 
cleats  which  are  in  contact  with  the  face  of  the  wheel,  is  extn 
used.  For  medium  power  brakes,  rope  which  is  held  in  pL 
a  number  of  wooden  retainers,  see  Fig.  197,  often  takes  the  p 
leather.    For  very  heavy  work,  sheet  steel  may  be  emjdoye 


Fig.  196.— Band  or  Rope  Brake. 
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^ixch  cases  the  contact  pieces  are  made  of  wood  and  fastened  to 
-tJxc  mside  of  the  steel  band,  or,  as  is  done  in  the  case  of  the  1S0-H.P. 
Sitley  College  Corliss  engine,  there  is  first  a  sheet-steel  lining  band 
-vv^bich  is  in  contact  with  the  face  of  the  wheel  and  takes 
all  the  wear.     This  is  next  surrounded  by  a  copper  water 
jacket  through  which  water  is  circulated  to  keep  the  fric- 
tion strap  cool,  and  the  latter  is  in  turn  held  to  the     Fiq.  197. 
-wheel  by  the  sheet-steel  band  which  carries  the  brake-  —Method 
arm,  drawing  up-clamps,  and  acts  as  the  brake-strap       rope. 
proper.     There  are  two  or  three  essential  points  to  con- 
sider m  the  design  of  Prony  brakes,  —  the  stresses  in  the  strap,  the 
method  of  keeping  the  brake  cool,  and  the  method  of  lubricating. 
The  stresses  in  the  brake-strap  may  be  computed  as  follows: 
Let  T^  represent  the  greatest  tension,  T^  the  least  tension,  c  the 
percentage  that  the  arc  of  contact  bears  to  the  whole  circumference, 
N  the  normal  pressure,  F  the  resistance  of  the  brake,  and  /  the 
coefficient  of  friction.    Then 

T^-T^^F    and    N  ^  F  ^ f. 

Now  it  can  be  shown  that 

T 

—1  =  io^-^^/«  =  Number  whose  log  is  2.7288 /c  =  B. 


2 
From  which 


and 


The  actual  process  of  designing  a  brake*  is  as  follows:  There 
are  given  the  power  to  be  absorbed,  number  of  revolutions,  diam- 
eter and  face  of  the  brake-wheel.  In  case  a  special  brake-wheel 
is  to  be  designed,  the  area  of  bearing  surface  is  to  be  taken  so 
that  the  number  obtained  by  multiplying  the  width  w  of  the  brake 
in  inches  by  the  velocity  v  of  the  periphery  of  the  wheel  in  feet 

♦  See  "Engine  and  Boiler  Trials,"  by  R.  H.  Thurston,  pages  260  to  282;  also 
"Friction  and  Lubrication." 
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per  minute,  divided  by  the  horse  power  H^  shall  not  exceed  50( 
looo.     Call  this  result  K.    Then 

400  to  500  is  considered  a  good  average  value  of  K. 

The  value  of  the  coefficient  of  friction  /  should  be  taken  as 
lowest  value  for  the  surfaces  in  contact  (see  table  of  coeffid 
of  friction  in  Appendix).  This  coefficient  is  about  0.2  for  ir 
or  leather  on  metal,  and  about  0.15  for  metal  on  metal. 

Let  if  be  the  work  to  be  transmitted  in  horse  power,  n  the  nun 
of  re\x)lutions  of  the  brake-wheel,  D  its  diameter.  Then  the  lesisli 
F  of  the  brake  must  be 

^  33,000  H  : 

The  arc  of  contact  is  known  or  assumed,  and  may  be  expressed 
convenient  in  circular  measure  0,  degrees  a,  or  in  percentage 
the  whole  circumference  f. 

Ex42mp!e,  —  Assume  the  arc  of  contact  as  180  degrees  (c  ->  0.5),  the  &m 
of  brake-wheel  4  feet,  coefficient  of  friction  (/  »  0.15),  face  of  braked 
10  inches,  revolutions  go,  horse  power  70.    Find  the  safe  dimensiooi  cf 
brake-strap  and  working  parts  of  the  brake. 
From  page  2$t 


That  is,  B  equals  the  number  whose  logarithm  is  0.2046;  or, 

B  -  1.602. 

Since  the  brake-wheel  is  4  feet  in  diameter  and  revolves  at  90  revoMJ 
per  minute,  wc  get  from  Eq.  (ii) 

F  -  ^\      N        V    *  i<M3  pounds. 

ir>  U^  (00)         ^^  ^ 

Taking  B  as  above,  and  substituting  in  equatxMis  (8)  and  (9),  we  have 

Tx  -  ^<H5^^^|-  5436; 

^'     .602  ^^'^^^^^ 

P)mm  the  vahie  of  Tu  the  maximum  tenskm.  we  next  oompate  the  nq 
area  oC  the  bnike^&tnps,  a^uming  a  safe  workiztg  stress  lor  the  materidi 


.  Cooling  and  Lubricating  a  Prony  Brake.  —  Water  is  the 
agent  for  keeping  a.  Prony  biake  cool.  It  may  be  used  either 
of  the  Banged  rim  of  the  brake-wheel,  or  in  special  forms  of 
s  it  nmy  be  circulated  through  jackets  sunoimding  the  strap, 
•e  the  rim  of  the  wheel  is  flanged  on  the  inside,  it  may  in  some 
be  suflScient  simply  to  throw  some  water  into  the  rim  from 
to  time,  producing  the  cooling  action  by  evaporation,  but 
:  the  power  taken  oS  is  considerable  it  is  better  to  arrange 
iod  for  supplying  water  to  the  rim  and  for  scooping  it  out 
luously,  thus  producing  a  constant  circulation, 
iceming  lubrication,  it  is  better  to  use  a  constant  quantity 
or  grease  than  to  use  either  intermittendy,  because  with  inter- 
it  supply  the  adjustment  is  disturbed  every  time  the  strap  is 
■it  greased.     It  should  also  be  remem- 

in   this   connection,   when  supplying  . 

for  cooling  purposes,  that  water  will 
,  a  lubricant  if  it  is  accidentally  thrown 
■  the  strap,  and  will  momentarUy  de- 
the  adjustment  of  the  brake. 
.  Other  Forms  of  Friction  Brakes :  Self- 
tting  Brakes.  —  Brakes  with  automatic 
iting  devices  are  sometimes  made;  in 
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IS  shown  in  F^  19S;  in  this  ase  die  arm  is  mamahed  Kal 
ao^  with  tbe  bonzoooL  If  the  fiictkn  becomes  loo  pctf,<il 
we^t  G  raes,  and  the  aim  of  the  btaJw  swings  from  A10E,  fal 
jncTtasBg  the  lever-arm  from  BC  to  LCi  if  the  tncdou  dim 
the  lever-ann  is  cocrespondin^j  ^ifnmjA^^  thus  tpidaig  B>  tou-I 
tsun  the  brake  in  equilibrium. 

Another  Gorm  of  5eif-iegalating  bake  is  shown  is  Fig.  cq),! 
If  this  brake  is  k>  be  coostandj  loaded  widi  die  wei^  P,  s  il 
adjusted  at  .-1  unol  P  fioats  and  cmnl  all  the  slack  has  jas.  bca  I 
takot  oat  of  tbe  string  s.  Now  if  the  &icOoa  sboold  raomentadi  I 
tocicase,  the  weight  P  will  rse,  bat  this  cansca  s  ro  esn  a  pd  I 
ax  A'.    This  extends  tbe  spring  5  and  sepuaies  the  bake  kno.  I 


* 


ftciw-— 

A  decrease  in  die  trxuin  causes  P  Id  drop,  which  allows  the  ^srni 
to  again  exert  its  full  force  and  tightois  the  bcake. 

A  nujiber  oi  viriuui  forms  of  automaric  Prony  btake  may  be 
fiji:nd  descrr-jtii  i  lechnicaJ  liceranire,  but  they  are  liirie  asid 
beca;:se  in  Li'r.ijra:orv  pnurdce  or  for  testiig  doois  other  more  oott- 
'■■•inien:  :omj.  like  the  aa^neric  bcake.  have  beoi  mvmtEd,  visit 
:n  ''nctii:!:  a  ;ir:zie  application  of  a  brake  wcuki  haziQy  vamit 
the  co-it  <'.i  ■::;citr"ic::ijn  of  a  complicated  form. 

148.  Alden  Brake.  —  The  .\JiieEi  brake  ■  =ee  F^.  aao-xa^ ')  is  an 
ihs-^r-.'rii.G  ■i:T^.Tj:>=:eter  b  -rhich  the  nibbing  stances  pradaJng 
±e  ~i:'ii:ci  ir:  jittiintcii  '.--  a  £1=  of  oil,  and  the  beat  b  absxbed 
'■,7  Ti::=r  ■^■itr  'n^.-i-iPi.  I:  i.s  constnicted  by  fa-stwtmg  t.  dak  of 
ciit  '~G.  A.  Fill.  2-zQ.  ::  ±e  po-ver-iha/t:  this  disk  ievul<ea  be- 
TT-«n  Tvo  iiwet=  ::  '±.::i  •-^■?^^  ^  £.  jijined  at  tbeff  ootBr  edjes. 
:Tr!-zi  Thich  i;  is  repazatic  ty  a  bath  of  oiL      Oatside  die  copper 


aJly  legui&ted  by  a  valve  V,  Figs.  201,  202  and  203,  which 


F1G8.  ao©-»03,— Aldbn  Bkax£. 


iaily  closed  if  the  brake-arm  rises  above  the  horizontal,  and 
ially  opened  if  it  falls  below;  with  a  constant  head  this  brake 
exceedingly  close  regulation. 
304*  shows  the  construction  of  the  Alden  brake  more  clearly 
be  more  or  less  conventional  sketch  in  Fig.  200.     Here  plates 
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the  locomotive-testing  plant  at  Columbia  University.  The  m 
of  detennining  the  tendency  to  rotation  of  the  case  is  shoT 
the  conventional  sketch  of  the  lever  system  in  Fig.  205. 

149.  Brakes  employing  the  Friction  of  Liquids.  —  Brake 
been  constructed  in  which  the  friction  of  liquids  has  been  substi 
for  the  friction  of  solids.     There  are  two  distinct  designs.    L 


Fic.  304. — Alden  Brake. 


one  a  revolving  member,  notched  or  corrugated,  disk,  drui 
wheel  is  made  to  throw  water  against  the  similarly  shaped 
surface  of  the  case  in  which  it  runs.  The  resistance  is  pnx 
by  friction  and  impact  and  the  power  is  converted  into  heat  ' 
may  heat  the  water  to  boiling.  In  most  cases,  however,  er 
water  may  be  circulated  to  prevent  this.  The  outer  casing  v 
to  turn  about  its  shaft,  and  the  power  delivered  may  be  deterr 
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by  measuring  the  tendency  to  turn  just  as  in  a  Prony  brake.  The 
brake  used  by  the  Westinghouse  Machine  Company  for  testing  its 
steam  turbines  is  of  this  type.  Figs.  206  and  207,  reproduced  from 
Fower^  June  30,  1908,  show  the  general  features.  The  rotor,  pro- 
vided with  projecting  ridges,  as  shown,  has  internal  and  external 
flanges.  Water  is  supplied  through  a  fimnel  to  the  interior  of  the 
rotor  and  is  thrown  outward  by  centrifugal  force.  It  flows  through 
holes  bored  in  the  projections  to  the  outside  of  the  rotor  and  strikes 
the  ridges  on  the  inner  surface  of  the  casing,  producing  resistance 
as  above  described. 

Such  brakes  are  very  powerful,  but  subject  to  very  rapid  wear. 
A  rotor  about  twenty-two  inches  in  diameter  and  eight  inch  face 


Fig.  205. — Lever  System  Alden  Brake.  LocoMOTrvE-TESTiNG  Plant, 

Columbia  UNivERSiry. 


^absorb  about  2000  H.P.  at  3600  R.P.M.  The  power  varies  ap- 
l^ximately  as  the  cube  of  the  peripheral  velocity.  For  a  discussion 
•f  the  wear  encoxmtered,  see  the  above-mentioned  article  in  Power. 
The  second  type  of  liquid  friction  brakes  is  adapted  only  for 
^h  speeds,  and  diflFers  from  the  former  in  that  smooth  disks,  usually 
"ithout  any  projections  whatever,  are  used  in  place  of  corrugated 
f  notched  disks  and  drums.  The  inside  of  the  case  is  usually 
so  left  smooth,  although  not  machine  finished.  When  water  is 
ipplied  to  the  case  and  fills  it  up  so  that  the  lower  edge  of  the 
pidly  revolving  disks  commences  to  cut  through  it,  the  water  is 
t  in  motion,  following  the  disks  aroimd,  and  soon  will  be  formed 
to  rings  which  travel  around  with  the  edge  of  the  disks  but  at  a 
mewhat  slower  rate.    The  friction  produced  between  water  and 
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disk  on  the  one  hand  and  water  and  casing  on  the  other  ta 
mluic  the  casing,  which  tendency  is  measured  as  before. 

A  brake  of  this  type,  designed  by  Professor  Stumpf,  is  sbom  V 
Tins.  ao8  and  309.'  This  was  used  to  test  a  2000-H.P.  turbineit 
fnim  laoo  to  3400  R.P.M.,  a  series  of  disks  of  diEEerent  diamelGB 
W'inK  used.  The  disk  shown  in  the  picture  has  a  diameter  i 
100  cm.  (j.aS  ft.).  In  other  designs  of  thb  brake  the  number  rf 
tlisks  was  greater  and  the  brake  was  supported  on  both  sides, 
which  would  lend  to  quieter  operation. 

In  either  type  of  liquid  friction  brake,  the  power  output  may 


-Wi 


Mv.S  ,\in;iv\ii<vi  ^>  moms  iM"  irsniliiag  ibc  tcMtr  sup{dy,  and  4 

i$i.v   i^Om  F«mH  «f  Bntas;  Pvanp  Bnkift.  —  A  rotary  | 

">».>  ,;,•'.  ^vrji  *»WT  tiiivK^^  a=  tir^if  dial  can  be  throttled  | 
,v A:-pA-.  t,;  ■»  .v.  >«».  S«s-  ;:-<ii;  •m'.ZT.  Kxvess-  iw  absorbing  powci. 

'.;  .V  .•Ji.'.j!.-^  .M  :iv  ^"iiiTiv--  TJ  Trvur.Tpi  fo  as  V  ^  face  to  n 
.  .*'.•   X-  Vv:  saiiocy^r"   >;>   3l  -"-lir^-wc  *r=i.  aad  Ac  1 
.v**.v  7.v*"^.:t>.'   fc.  -ir:  ;Sf  .-Jtsr  .ic  :."k  T*r.-cT  raaie.     If  die  d 
,%   .V  .X  .";■  h.  -w.-* , ^.VJ^■:^    iv  ^vtri.  i':CK  r-i^  be  rmsiied  hyi 

'•vaL.>.    .V     ■»*,'!■     ;' rs.- %jr^-.-.    TT.,  :  ,i.'P.-.    M     ibt    bt^I    d^JC  ID  ( 

^S-.-* .',-v.  ■><;-i.v     ■    .-.      :>  Vd.-.!.  i;-?    rr_  :  .uifi  Vx  i  ox^cieni  ID  I 
,'ysvi-'.'Mtw  ^'    ■■iw. 
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A  special  form  of  the  pump-brake,  with  casing  mounted  so  that 
it  is  free  to  revolve,  has  been  used  with  success  on  the  Owens  College 
^iperimenial  engine  by  Osbome  Reynolds.  In  this  case  the  brake 
Ss  practically  an  inverted  turbine,  the  wheel  delivering  water  to 
Aifae  guides  so  as  to  produce  the  maximum  resistance.  The  water 
^rced  through  the  guides  at  one  point  is  discharged  so  as  to  oppose 
"the  motion  of  the  wheel  at  another  point. 

151.  Fan-brakes.  —  A  fan  or  wheel  with  vanes  revolved  in  water, 
oil,  or  air  will  absorb  power,  and  in  many  instances  forms  a  con- 
venient absorption-dynamometer. 


loS-wg.— Stdmpf  Fxictiok  Bkaee. 


The  resistance  that  may  be  obtained  from  a  fan-brake  is  ex- 
pressed by  the  formula  y. 


if/-  IKDA  - 


(12) 


in  which  Rl  equals  the  moment  of  resistance;  V  the  velocity  in  feet 

per  second  of  the  center  of  vane;  A  the  area  of  the  vane  in  square 

feet;    I  equals   the  distance  from  center  of   vane  to  axis  in  feet; 

D  the  weight  per  cubic  foot  of  fluid  in  which  the  vane  moves.     K 

is  a  coefficient,  found  by  experiment  by  Poncelet  to  have  for  air  the 

value  ^- 

_  ,   X.6244  VA  ,    , 

K=  1.254  +       /^  ^      ■  {13) 


1  which  s  is  the  distance  in  feet  from  the  center  of  the  entire  vane 
J  the  center  of  that  half  nearest  the  axis.     When  the  vanes  are  set 
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at  an  anaie  i  with  the  duectioa  of  motioa  tfae 
multiplied  bv 


ior£r:=:sbe 


2sart 
I  —  sin'« 


—  If  a  metal  disk  or 
to  cut  the  neid  of  an  electn>-magnet.  it  will  experience 
resistance  which  mav  be  utilized  to  put  marhmrs 
For  this  purpose  two  of  these  magnets  are  fastened  id  a 
fits  over  the  brake  wheel,  as  shown  in  Fig.  2ia» 
or  drag  encountered  rends  to  revolve  the  i 


a  ccnu 
nndcr  IohL 


about  dbe  Gcnser 


n 


n 


u 


i:  a  I  » 


Fic.  2IO. — Type  of  El£ctso-m.\cxetic  B 


of  the  wheel  and  its  force  may  be  measured  by  holding  the  yoke 
stationan.'.  The  method  of  computing  the  power  is  otherwise  the 
same  as  for  the  Pronv  brake. 

Figs.  21  r  and  212  show  a  somewhat  more  complicated  commer- 
cial form  of  this  t>^  of  brake.*  Here  a  number  of  electro-mag- 
nets a  are  so  held  in  an  aluminum  spider  c,  which  is  free  to  turn 
a^JOut  the  shaft,  that  the  magnetic  lines  are  forced  to  pass  dirou^ 
t'^'o  copper  disks  d,  driven  by  the  prime  mover.     The  tendency  of 


•  \.  Hdlcr  in  the  Z.  d.  V.  D.  L,  Oa,  5,  1907. 
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CJie  spider  to  turn  is  measured  by  balancing  it  by  means  of  weights 
^ong  the  arm  b. 

It  will  be  noted  that  in  these  brakes  all  of  the  power  measured 


is  destroyed  in  eddy  currents,  appearing  finally  in  the  form  of  heat. 
The  increase  of  temperature  in  the  parts  concerned  changes  the 
electrical  resistance,  lowering  the  capacity,  and  makes  it  necessary 
to  stay  below  a  certain  temperature  to  prevent  injury.     There  is 
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DO  good  way  to  keep  such  a  brake  cooL  On  the  odicr  hand,  n:e 
power  output  may  be  easily  regulated  by  varyiag  the  rcsEtaoce 
in  the  circuit,  and  the  first  form  at  least  may  be  so  bailt  as  to  be 
quickly  adjusted  to  difierent  sizes  of  fiywheeL 

A  fundamentally  similar  form  of  magnetic  bcake^  used  what 
the  speed  variation  of  the  prime  mover  is  not  very  great,  s  ^ 
illustrated  in  Fig,  213.^  Here  the  prime  mover  drives  the  amaJnTc 
of  the  generator,  whose  output  is  best  regulated  by  a  vrater  rfacostaL 
The  field  housing  of  the  generator  is  carried  by  ball  bearing  wiiidi 
surround  the  armature  bearings.  The  reaction  between  armatme 
and  field  tends  to  turn  the  housing  in  a  direction  opposite  to  diar  in 
whkh  the  armature  turns.  This  tendency  is  counterbalanced  as 
shown.  The  computation  of  power  is  the  same  as  for  the  Ptony 
brake. 

153.  Trmctioa  Dynaxnomctas.  —  Dynamometers  fior  ample  trac- 
tion or  pulling  are  usually  constructed  as  in  Fig.  214.      Pull  is 

applied  at  the  two  ends  of  the  spring, 
which  rotates  a  hand  in  proportion  to 
the  force  exerted. 

Recording  Traction  Dynamameten. 
—  These  are  constructed  in  various 
forms.  Fig.  215  shows  a  simple  form, 
designed  by  C.  iL  Giddixigs*  Paper 
is  placed  on  the  reel  A,  which,  is  op- 
erated by  clockwork;  a  pencil  is  con- 
nected at  X"  to  the  hand,  and  this  draws  a  diagram,  as  shown  in 
Fig.  216,  the  ordinates  of  which  represent  pounds  of  puIL  the 
abj^cissae  the  time.  The  drum  may  also  be  arranged  to  be  operated 
by  a  wheel  in  contact  with  the  ground;  then  the  abscissa  will  be 
proportional  to  the  space,  and  the  area  of  the  diagram  will  rep- 
resent work  done. 

It  should  be  noted  that  these  instruments  are  not  strkrdv  dvna- 
mometers,  that  is,  not  strictly  measurers  of  power  unless  by  some 
mean.^  the  velocity  ^-ith  which  the  instrument  itself  is  bodilv  moved 
through  a  given  distance  is  also  reconled.  This  may  be  done  by 
an  attachment  which  may  be  an  integral  part  of  the  instnunent 

♦  A.  HIcUcr,  Z.  d.  V.  Ik  I..  Oct.  5,  1907. 


Fig.  214. —  Simple  Traction 
Dyn.\mometes  or  Spring 
Baiancz. 
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itself,  but  in  laatkj  cases  the  deler- 
minatioD  of  the  velocity  factor 
is  accomplished  entirely  independ- 
ently. 

154.  Transtniarion  Dynamom- 
eters, General  Types.*  —  Trans- 
mission  dynamometers  are  of 
different  types,  the  object  in  each 
case  being  to  measure  the  power 
which  is  received  without  absorb- 
ing any  greater  portion  than  is 
necessary  to  move  the  dynamom- 
eter. They  all  con^  of  a  set 
of  pulleys  or  gear  wheels,  so  ar- 
ranged that  they  may  be  pbced 
between  the  prime  movers  and 
machinery  to  be  driven,  whfle  the 
power  that  is  transmitted  is  gen- 
erally measured  by  the  flexure  of 
springs  or  by  the  tendency  to  ro- 
tate a  set  of  gears,  which  may  be 
resisted  by  a  lever. 

155-  Horin*B  Rotation  Dyna- 
mometer. —  In  Morin's  dyna- 
mometer, which  is  shown  in 
Fig.  217,  the  power  is  transmitted 
through  springs,  FG,  which  are 
thereby  flexed  an  amount  propor- 
tional to  the  load.  The  flexure 
of  the  springs  is  recorded  on  paper 
7  by  a  pencil  Z  fastened  to  the 
rim  of  the  wheel  E.  A  second 
pencil  is  stationary  with  reference 
to  the  frame  carrying  the  paper. 
The  paper  b  made  to  pass  under 

•  See  Thurston's  "  Engine  •nd  Boiler  Trials,"  p.  164;  also  Weisbach's  "  Mechao- 
ica,"  Vol.  II,  pp.  39-73;  also  Rankinc's  "  SleanKngine,"  p.  41. 
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the  pencil  by  means  of  clockwork  driven  by  the  shafting,  whidi 
can  be  engaged  or  disengaged  at  any  instant  by  operating  a  Usti^- 
The  springs  are  fastened  at  one  end  rigidly  to  the  main  axle,  which, 
is  in  communication  with  the  prime  mover,  and  at  ihe  other end»' 
the  rim  of  the  pulley  E,  which  otherwise  is  free  to  turn  on  the 
main  shaft.  The  power  is  taken  from  this  last  pulley,  and  the  te-" 
sbtance  acts  to  bend  the  springs  as  already  described.  In  tho^ 
figure,  ,4  is  a  loose  pulley,  B  is  fixed  to  the  shaft.  Power  is  sup^ 
plied  through  B  and  taken  off  through  E.  ^ 

The  autographic  recording  apiiaratus  of  the  Morin  dynamomeiep' 
consists  essentially  of  a  drum,  which  is  rotated  by  means  of  a  wort. 
gear  K  cut  on  a  sleeve,  which  is  concentric  with  the  niain  ans. 
This  slee\'e  slides  longitudinally  on  the  axis,  and  may  be  engaged' 
with  or  disengaged  from  the  gear  train  of  the  frame  at  any  inslant^ 

w —  '**^  i 

BOO a 

.  ,„. .\ 

Fig.  ai6.^RECOKii  pboh  DvNAUoMETEa.  4 

by  means  of  a  lever.      When  the  sleeve  is  engaged  with  the  ge*(^ 
train,  the  recording  apparatus  is  put  in  motion.     The  pencil  aiucksl 
to  the  spring  will   then  trace  a  diagram  on  the  paper  whose  B 
dinates,  as   measured   from  a  base  line  drawn  by  the  statioM 
j)encil,  are  proportional    to  the    force  transmitted.     The   rate  d 
rotation  of  the  drums  carr>'ing  the  paper,  with  respect  lo  the  ouij 
axis,  is  determined  in  the  same  manner  as  though  the  gears  voP, 
at  rest  —  by  finding  the  ratios  of  the  radii  of  the  respective  wbedl' 
Thus  the  amount  of  paper  which  passes  off  from  one  drum  on  to  M 
other  can  be  proportioned  to  the  space  passed  through,  so  thalthi 
area  of  the  diagram  may  be  proportional  to  the  work  transmittKlJl 
To  find  tlie  value  of  the  ordinates  in  pounds  the  d>'na"iftmeBl 
must  be  calibrated;  this  may  be  done  by  a  dead  pull  of 
weight  against  the  springs,   thus  obtaining  the  deflectio 
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giTen  force;  or,  better,  connect  a  Prony  brake  directly  to  the  rim 
of  the  pulley  E,  make  a  series  of  runs  with  different  loads  on  the 
brake,  and  find  the  corresponding  values  of  the  ordinates  of  the 
diagram. 

Calibration  of  the  Morin  Dynamometer.  — Apparatus.  — Speed 
indicator,  dynamometer  paper,  and  Prony  brake. 

I.  Fasten  paper  on  the  receiving  drum,  wind  off  enough  to 
pass  over  the  recording  drum,  and  fasten  the  end  securely  to  the 
nindmg  drum.  See  that  the  gears  for  the  autographic  apparatus 
m  in  perfect  order,  and  that  both  pencils  give  legible  lines.     Adjust 
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the  pencil  fixed  to  the  frame  of  the  clockwork  so  that  it  will  draw 
ttie  same  line  as  the  movable  pencil  when  no  load  is  applied. 

1.  With  the  recording  apparatus  out  of  gear  apply  the  power. 
Take  a.  diagram  with  no  load.  This  will  show  the  friction  work 
of  the  dynamometer. 

3.  Apply  power  and  load,  take  diagrams  at  intervals;  these  will 
represent  the  total  work  done.  This,  less  the  friction  work,  will  be 
iJie  power  transmitted.  The  line  traced  by  the  pencil  affixed  to  the 
ftame  of  the  clockwork  is  in  all  cases  to  be  considered  the  zero 
line,  or  line  of  no  work. 

4.  To  caiibraie  the  dynamometer,  attach  a  Prony  brake  to  the 
same  shaft  and  absorb  the  work  transmitted.  This  transmitted 
irork  must  equal  that  shown  by  the  Prony  brake. 
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5.  Draw  a  calibration  curve,  with  pounds  on  the  brake-araj 
reduced  to  an  equivalent  amount  acting  at  a  distance  equal  U| 
the  radius  of  the  driving  pulley  of  the  dynamometer,  as  absciaqj 
and  with  the  ordinates  of  the  diagrams  as  ondinates.  Work  upthdi 
equation  of  this  cunx. 

6.  In  report  of  calibration  make  record  of  time,  number  at 
revolutions,  brake-arm,  equivalent  brake-load  for  arm  equal  l» 
radius  of  dynamometer  pulley,  length  of  ordinate,  scale  of  ordioatB- 
Describe  the  apparatus.  ] 

7.  In  using  the  dynamometer,  insert  it  between  the  prime  nun* 
and  resistance  to  be  measured.  Determine  the  power  transmittt^ 
from  the  calibration,  I 

Form  of  Report,  — The  following  form  is  useful  in  calibratiigj 
this  dynamometer: 

CAUBRATION   OF   MORIN   DYNAMOMETER. 


Kind  o[  brake  used Length  of  bnike-ani 

Weight  of  brake-arm. lbs.         Zero  reading  of  scales.,.. 

Radius  of  driving  pullej... ft.  Observeis 


Revolu 

omperMiDate. 

EB«ti« 

txHdon 
Driving 

Ordinilte,  laclua. 

H.P. 

No. 

Up. 

Down. 

Mod 

Bnke- 
1o«l,  Ibt 

^Op. 

Down, 

M™a. 



W- 

156.  Steelyard  Dynunometer.  —  In  this  dynamometer,  Fig.  ii 
the  pressure  Z  on  the  a.\le  of  a  re^-olving  shaft  is  determined  ll 
{shifting  the  weight  G  on  the  graduated  scale-beam  AC. 

The  power  is  applied  at  I',  putting  in  motion  the  train  of 
wheels,  and  is  delivered  at  Q. 

Denote  the  applied  force  by  P,  the  delivered  force  I 
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ndius  KM  by  a,  KE  by  r,  LP  by  fj,  NL  by  b,  the  force  existing 
at£by*,  thatati?byX,. 
Wesidluve 

Kf  -  Pn,    also    Rf,-  Qh. 


But 
ud  since 


R{ED)  -  R,(FD); 
ED  -  FD, 
R-R,. 
The  restJtant  force  Z-R  +  Rj~2R. 
:.R-iZ;  P  -iZr+a;  (14)  g  -  J Zr,  +  i. 


(IS) 


Fig.  J18.— Sikblyard  DyNAMOHSTER. 

If  we  ksow  the  number  of  revolutions,  the  space  passed  through 
by  each  force  can  be  readily  calculated,  and  the  work  found  by 
taking  the  product  of  the  force  into  the  space  passed  through. 

Consideration  of  Friction.  —  The  friction  of  the  axle  and  gear- 
teetli  will  increase  the  force  R  and  decrease  the  force  R^.  Let  ft 
he  the  experimental  coefiBcient  expressing  this  friction.    Then 

P  =  i  (i  +  /")  2r  -  a; 

,       P'^r,-Qbr 
'^      Par^+Qbr 

157-  Mllow-block  DjnuunomBter.  —  The  pillow-block  dynamom- 
ter  operates  on  the  same  principle  as  the  steelyard  dynamometer, 
»ut  no  intermediate  wheel  is  used.    This  dynamometer,  shown  in 
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3.    Obtain  the  constants  of  the  machine  and  apparatus  used: 
(a)   The  brake  constants  (arm  length  and  brake  zero), 
(i)  The  actual  weight  of  the  sliding  poise  and  of  each  ef 

the    looo   and   2500  ft.-!b,   weights  belonging  to  tht 

machine. 

(c)  Measure  the  arms  from  the  center  of  the  shaft  to  the  fiist 

notch  on  the  beam,  to  the  last  notch,  and  to  the  knifo 
edge  of  the  stationary  poise. 

(d)  Place  the  platform  scale  (used  as  the  brake  scale  during 

the  runs)  under  the  stationary  poise  and  put  the  slid' 
ing  poise  in  the  zero  notch.  Operate  the  dynamometa 
forward  and  then  backward  by  hand  at  the  same  rite 

of   speed,  and  determine   the  reactions  on    the  <  sole. 

Divide  the  sum  by  2  and  the  result  is  the  unbalaocat 

weight  of  the  dynamometer  beam  concentrated  at  Sat 

knife-edge. 

3.  From  the  observations  under  2  compute  the  value  in  foot; 
pounds  per  100  revolutions  of  the  driving  pulley  for  each  kindtrf 
weight,  for  the  sliding  poise  in  the  first  and  in  the  last  notch  on  ti« 
beam,  and  for  the  unbalanced  weight  of  the  beam.  (RemembeE 
that  while  the  djTiamometer  pulley  is  making  100  revolutions  thj 
dynamometer  beam  would  make  only  50.)  From  the  foot-poiod 
values  compute  the  "dynamometer  reading  from  machine  con- 
stants "  (see  form  below). 

4.  Put  the  machine  in  operation  with  the  brake  o£f  and  balane< 
the  beam.  This  reading  is  called  the  "zero  reading  by  beam 
(=■  W^i  in  form  below). 

5.  Put  brake  in  place,  start  the  nachine,  and  adjust  the  5ii 
load.  Observe  time  of  100  revolutions,  brake  load,  reading  of  hil 
anced  dynamometer  beam,  and  note  the  number  and  kind  of  wei^B 
used  together  with  the  position  of  the  sliding  poise.  Make  ii 
same  observations  for  a  series  of  loads  up  to  the  capacity  of  A 
dynamometer, 

6.  From  the  observed  quantities  fill  out  the  form  below. 

7.  Draw    a   calibration   curve   between  ft. -lbs.  per  100  rtvolu 
tions  as  read  off  the  dynamometer  beam  and  as 
brake. 
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Calibration  of Di£Ferentia]  Dynamcmeter 

of  Brake  used. ...  4 


X^<ei^^  of  Brake  Arm ft.        Weight  of  Brake  Arm. 

reading  of  Biake  Scales lbs. 

XQ.  •••  ObaerveiS' 


Jbs. 


e 

z 


X 

a 

3 

4 

5 
6 

7 
8 

0 

10 


o 
o 


"s  a 
^•1 


I 


9 

1 


Brake  Load,  Ibt. 


Gron. 


Net. 


Work  in  ft.-lb*.  per  loo  Revolution*. 


8 

o 


Wk 


Dynamometer  Readings. 


e  6 
i  ^ 


E 


OQ  I 


W4 


1      83 

<3  *a 


IT. 


i|e 
(Sal 


Wd'-W^ 


£ 


5g 

"Si 


H 


ITi-lF. 


o 

I 


D.H.P. 


MACHINE    CONSTANTS. 


Loads  at  Knife-edge. 


1000  Weight 

2500  Weight , 

Dynamometer  Beam 


Moment  Anu^  . .  .ft. 


Weight, 
lbs. 


Value  ft.- 

Ibs.  per 

100  Revs. 


W, 


Data  for  Beam. 


Wq^  Zero  Reading  by  Beam ft.-lbs. 


First  Notch 

Last  Notch 

Increase  per  Notch 


Shding  Poise, 
Weight lbs. 


Moment 
Arm, 
Feet. 


Value,  ft.- 
lbs.  per 
100  Revs. 
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i5o.   Emerson's  Power  Scale.  —  One  of  the  most  complele  trans-J 

mission  djTia  mo  meters  is  shown  in  Fig.  223,  with  attached  numbe 

showing  the  dimensions  of  the  various  sizes  manufactured.    In  t) 

instrument  the  wheel  C  is  keyed  or  fastened  to  the  shaft;  the  whe 

B  is  comiected  with  the  wheel  C  near  its  outer  circumference  by  piti 


Fro.  333. 

jecting  studs;  the  amoimt  of  pressure  on  these  studs  is  conveyed  \ 
bent  levers  KA  to  a  collar  sliding  on  the  shaft,  which  in  turn  is  Ct 
necled  with  weighing  levers.     Small  weights  are  read  off  from! 
scale  D,  and  larger  ones  by  the  weights  in  the  scale  pan  N. 
pot  S  is  used  to  prevent  sudden  fiuctuations  of  the  weighio, 
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be  apparatus  can  be  easily  calibrated  by  mounting  a  Prony 
Le  wheel  on  the  shaft  and  comparing  the  power  output  readings 
uned  with  the  scale 
iings  of  the  instni- 
Dt;  or  a  known  torque 
17  be  applied  to  pulley 
while  ^  shaft  is  held 
ilionary. 

161.  The  Van  Winkle 
flver  Meter. — The  Van 
inkle  powo*  meter  is 
own  complete  in  Fig. 
4,  and  with  its  parts 
parated  m  Fig.  335.  It 
nsists  of  a  sleeve  with 
iched  i^te,  B,  diat  can 
^tened  rigidly  to  the 
lit,  and  a  plate  A,  which 
re^'olved  by  the  force  communicated  through  the  springs  SS.  The 
jular  motion  of  the  plate  A  with  reference  to  B  will  varj-  with 
:  force  transmitted.    This  angular  motion  is  utilized  to  operate 


Fig,  114. — Van  Winkle  Pcoi'er  Meter. 


ets  and  move  a  loose  sleeve  longitudinally  on  the  shaft.  The 
ount  of  motion  of  the  sleeve,  which  is  proportional  H)  the  force 
nsmitted,  is  indicated  by  a  hand  moving  over  a  graduated  dial. 
e  dial  is  graduated  to  show  horse  power  per  100  revolutions. 


3o6 
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162.  Belt  Dynamometers.  —  Belts  have  been  used  in  scm 
stances   instead  of   gearing   in   transmissbn  d3niiamometeiS| 
because  of  the  great  loss  of  power  due  to  stifiEness  of  die  bdts^ 
on  account  of  the  imcertainty  caused  by  slipping,  they  have  not 

extensively  used.    The  following 
from  Church's  "  Mechanics  of 
rials/'  is  probably  as  successful  as 
that  has  been  devised.    It  consists  of  I 
vertical  plate,  canying  four  pulleys^ 
a  scale  pan,  as  shown  in  Fig.  226. 
scale  beam  is  balanced,  the  belt 
adjusted,  and  power  turned  on;  a 
cient  weight,  G,  is  placed  in  the 
pan  to  balance  the  plate  again.    Leti 
be  the  arm  of  the  scale  pan,  and  a  that  of  the  forces  P  and  i 
Then,  for  equilibrium, 

Gb  ^  Pa-  P'a,  (s 


Fig.  226.  —  Belt  Transiossign 
Dynamoiceter.' 


since  P  and  P'  on  the  right  have  no  leverage  about  C,  as  the 
of  the  belts  produced  is  made  to  intersect  C.    From  (20) 


a 


(«) 


The  work  tiunsmitted  in  foot-poimds  per  minute  is  equal  toj 
(P  —  PO  V,  in  which  v  is  the  velocity  of  the  belt  in  feet  per  miai 
to  be  obtained  by  counting.     Another  form  employs  two  qi 
twist  belts  to  revolve  a  shaft  at  right  angles  to  the  main  shaft 
\'ol.  XII,  Transactions  Am.  Soc.  Mechanical  Engineers.) 

163.   The  Durand  Dynamometer. — This  b  a  special  form  of 
dynamometer  designed  by  Prof.  W.  F.  Durand  and  lised  by 
in  screw  propeller  investigations.     It  is  described  in  Vol.  XXVIH 
the  Transactions  of  the  American  Society  of  Mechanical 
The  following  description  and  the  illustrations  are  reproduced 
from  that  article : 

A  and  B^  Fig.  227,  are  two  sprocket  wheels  moimted  on  a  ixdxtm* 
wliich  is  carried  at  £  by  a  steel  spring  support,  after  the  manne 
ibe  well-known  Emery  steel-plate  knife-edge.    This  is  frictkmli 


MEASUKEMENT  AND  TRANSMISSION  OF  POWER 


307 


mj  for  small  movements  of  the  "frame  the  bending  stress  developed 
iofinitely  small  in  comparisoa  with  the  other  forces  in  play.  As 
lom  at  SS,  the  frame  carries  semicircular  plates  of  steel  &tted 
i&  a  ^t,  either  end  of  which  engages  with  a  pm  as  the  frame 
icillates  through  its  permitted  range  of  lAotion  of  about  one-fourth 
ch  at  a  distance  of  ten  inches  from  the  center  of  support  This 
raiits  perfect  freedom  of  motion  within  this  range,  but  prevents 


Fw.  227.  — DjIRAND  Dyhamoheter. 


tVTement  beyond  to  such  an  extent  as  to  develop  any  sensible  forces 
ithin  the  steel  spring  supports. 

The  sprockets  C  and  D  are  similar  in  form  and  size  to  A  and 
and  are  mounted  on  standards  attached  to  the  base.  All  sprockets 
^  mounted  on  ball  bearings  in  order  to  reduce  friction  to  the 
mimum.  Around  these  wheels  is  led  a  chain,  the  dimensions 
iig  so  adjusted  that  with  the  proper  length  of  spring  for  bearing 
£  the  chain  throughout  its  length  will  run  with  the  proper  amount 
slack  for  smooth  and  steady  operation. 
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The  similarity  Ser.veen  :his  form  of  diTuuno meter  and  cheTatkB 
form  vill  'je  reariily  noted.  The  present  C3rpe  may,  in  diectbe 
considererl  as  a   development  of  ±e  six-equal-^^heei  form  bv  ie 

elimizuuion  of  ±e  ttq 
lower  ■;rheeis  and  Ac  suir 
stitudon  of  chain  forbck 
drrv-e. 

The  shafts  ^hich  carrr 
the  sprockets  C  and  D  m 
extended,  carrving  juUct 
wheels  at  Fand  G,  Fig.  :d, 
and  also  uniirersal  ioint 
couplings  for  direct  con- 
nection to  a  driver  or  fol- 
lower. The  powo"  can  be 
put  in  at  C  and  taken  out 
at  i)  or  vice  versa,  and  on 
either  side  of   the  dvn^ 

m 

mo  meter  as   desired.    H 
the  power  passes  through 
from  C  to  Z>.  and  C  turns 
as  indicated  by  the  arrow, 
it  is  readilv  seoi  that  the 
tight  side  of  the  chain  will 
be  from  £r  around  throu^ 
//ICLlf,  and  the  loose  side 
from  J/  through  XP  to  Q. 
Thus  HI  and  KL  will  be 
imder  the  higher  or  driv- 
ing tension  7*^,  equal  on 


3- 


^.  _-T:3 


Fk,.   2i^.  ■      fjf  RA-;0    D'l-^.'AWOSfETEa. 


\fffth  sir|f;s  except  for  the  small  friction  of  the  ball  bearing  on  wliich 
fi  turns.  Likewise;.  \fX  and  PQ  will  be  under  the  loose  or  following 
tr;n«iion  T^  the  same  on  \jr)ih  .sides  except  for  the  friction  of  the  ball 
\H'/<inn^  on  v/h\(  h  A  runs. 

I^I-^Tfr^arding  these  small  frictional  resistances,  the  two  tensions 
7\  will  have  the  resultant  2  T,  Cos  <9  directed  along  the  line  0,L, 
v/hil':  tfie  two  tensions  7^  will  have  the  resultant  iTj  Cos  S  directed 
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along  OM.  The  components  of  these  forces  perpendicular  to  the 
line  00^  wiU  be  in  each  case  2  T^  Co^  d  and  2  T,  Cos?  d.  Denoting 
the  distance  O^E  by  a^  we  have  for  the  net  turning  moment  about  E 

3f,=  2a(r,-  T;)Cos^e. 

Again  denoting  by  r  the  pitch-line  radius  of  the  sprockets,  we 
have  for  the  power  taken  oflF  at  D,  the  turning  moment, 

if,=  r(r,-r^. 

Hence  Af,= ^'  ,  ^ 

^     2  a  Cos'  <? 

and  work  per  min.  «  2  ;r»ilf,  =  — - — J—-  (22) 

a  Cos^  ^ 

Obviously  the  two  tensions  T^  on  the  right,  acting  against  the 

two  tensions  T,  on  the  left,-  will  determine  a  moment  tending  to 

depress  the  end  7". of  a  lever  attached  to  the  frame  XY,    If  we 

denote  ET  by  h  and  the  force  at  T  required  to  balance  the  moment 

by  F,  we  shall  have 

M^=  Fh, 

or  work  per  mm.  =     ^    ,    -  (23) 

a  Cos*  d 

By  careful  measurement  of  the  dimensions  of  the  dynamometer 
the  relation  between  the  power  tratismitted  and  the  observed  values 
of  %  and  F  can  be  determined.  As  in  all  cases  involving  the  use 
of  such  apparatus,  however,  it  will  be  more  satisfactory  to  calibrate 
directly  by  moimting  a  friction  brake  on  a  belt  wheel  attached  to 
the  delivery  shaft  and  noting  the  relation  between  brake  readings 
and  the  values  of  the  force  F.  Such  a  calibration  will,  of  course, 
serve  to  eliminate  all  friction  between  the  points  of  intake  and 
delivery,  or  in  the  dynamometer  itself,  and  will  thus  serve  to  relate 
correctly  the  force  records  as  measured  by  F  with  the  actual  power 
delivered. 

164.  Torsion  Dynamometers.  —  When  power  is  being  trans- 
mitted through  a  shaft,  the  latter  will  imdergo  a  certain  twisting 
action,  the  magnitude  of  the  total  angle  of  torsion  depending  upon 
the  amount  of  power  transmitted,  the  diameter  and  length  of  the 
shaft,  and  the  quality  of  the  material.     Where  the  amount  of  power 
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transmitted  is  considerable,  as  in  the  case  of  marine  engines,  djn* 
mometric  measurements  on  the  shaft  itself  have  often  been  made 
determine  the  developed  horse  power  it  carries.  In  such  cases  4 
measurement  reduces  itself  to  the  determination  of  the  ai 
torsion  and  of  the  rotative  speed.  On  the  other  hand,  whea  & 
power  transmitted  is  smaller,  as  in  ordinar}-  line  shafting,  the 
is  often  broken,  and  springs  or  other  more  or  less  flexible  memba 
are  then  inserted,  connecting  the  ends  of  the  shafting,  and  from  A 


Fio.  129.  —  Kenebson  Torsion  DyNAuoiiErEE. 


relative  angular  displacement  of  the  two  shafts  the  power 
mitted  may  then  be  computed.  Of  this  type  are  the  Morin  djui 
momeler,  described  in  Art.  155,  while  the  Emerson  power  scaleaiM 
the  Van  Winkle  power  meter  operate  in  a  similar  way. 

The  measurement  of  the  angular  displacement  may  be  made  tj 
a  variety  of  ways,  although  the  method  of  determining  it  by  fintUoi 
the  relative  displacement  of  two  commutator  segments,  one  on  ead 
shaft,  by  electrical  means,  is  perhaps  most  often  used.  A 
torsion  dynamometer  is  the  Kenerson,  described  in  the  Journal  t( 
the  Am.  Soc.  of  Afech.  Eng'rs  for  May.  1909. 

Figs.  229, 230,  and  231  *  show  its  construction.     A  and  B 
*  Reproduced  from  the  journal  mentioned. 
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couplings  rigidly  fastened  to  their  shafts,  but  only  loosely 
cted  to  each  other  by  stud  bolts  C.  The  holes  for  C  in  ^ 
.  large  that  bolts  C  take  no  part  in  the  transmitting  power. 
ries  four  latches  L  which  pivot  freely  about  E.  Projecting 
i  on  each  latch  L  surround  studs  F  fastened  to  the  circum- 
e  of  A.  It  must  be  evident  that  no  matter  whether  A  or 
le  driver,  any  attempt  to  transmit  power  will  turn  the  latches 
ut  fi.     This  movement,  however,  is  resisted  by  knife-edges 


Pigs.  230-131.  —  Kenebson  Torsion  Dynamoueteb. 

coming  in  contact  with  the  pressure  plate  G,  which  action 
to  force  the  latter  to  the  left.  The  pressure  thus  exerted  is 
sure  of  the  power  transmitted,  and  the  problem  then  reduces 
determination  of  thb  axial  thrust.  The  stationary  ring  S  is 
e  side  held  against  the  ball  thrust  bearing  0,  while  it  recei\'es 
rust  of  G  through  another  ball  bearing  on  the  other  side.  In 
ng  S  is  cut  an  annular  cavity  covered  by  a  thin  flexible  dia- 
m  D,  Fig,  231.  Against  this  diaphragm  the  slightly  cham- 
edge  of  the  ball  race  M  presses,  thus  transferring  the  thrust 
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to  the  liquid,  oil  in  this  t&se,  contamed  in  the  ring  cavity.  He. 
pressure  may  then  be  measured  by  Bourdon  gauge  or  other  meaaa 
The  instrument  is  very  easily  calibrated  by  comparing  gauge  pits 
sures  with  moments  applied  to  the  flange  A.  The  construction  'a 
very  compact.  The  movement  of  the  diaphragm  is  very  smal^ 
so  that  at  equilibrium  of  the  gauge  there  is  no  fluid  friction.  Tl« 
gauge  readings  of  course  must  in  any  case  be  corrected  for  slaK 
head  if  the  gauge  is  placed  above  or  below  the  coupling  itself.      ] 

The  interest  in  torsion  mettTs  applied  to  solid  shafting  has  (| 
late  years  been  revived  on  account  of  the  desire  to  determine  IM 
power  developed  by  steam  turbines.     The  latter  cannot  be  indicatB 
like  a  reciprocating  steam  engine.     Torsion  meters  for  thb  seivn 
may  be  classified  as  electrical  or  mechanical,  depending  upon  m 
method  used  to  record  the  angle  of  torsion.     In  the  case  of  a  st 
turbine  operating  against  a  constant  load  it   is  usually   suffici 
to  determme  the  torsion  angle  0  at  one  point  in  the  circumfei 
of  the  shaft.     It  has  teen  assumed  that  this  could  be  done  also 
marine  steam  turbmes  in  making  torsion  measurements,  but  Fi 
tinger*  has  probably  conclusivuly   shown   that   the  assumption 
not  justified  on  account  of  the  varying  resistance  offered  by 
propeller.     For  that  reason,  measurements  at  several  points  aro 
a  circumference  must  be  made  to  determine  an  a\'erage  value  of, 
just  as  must  be  done  in  the  case  of  reciprocating  engines,  whctS 
on  land  or  sea. 

If  the  average  angle  of  torsion  ff  be  expressed  in  degrees,  the  hoi 
power  transmitted  by  a  solid  shaft  will  be 

H.P..|^  (. 

and  for  a  hollow  shaft  .,,.      ... 

CL  "^ 

where  d,  =  external  diameter  of  the  shaft,  in  inches. 

di  =  internal  diameter  of  hollow  shaft.  In  inches. 
n  =  revolutions  per  min. 
L  =  length  of  shaft,  in  inches. 
C  =  3.27  {taking  the  modulus  of  rigidity  =»  11,250^ 
*  Zeitschrift  des  Vereins  deutscher  Ingenieurc,  June  6,  1908. 
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If  the  shaft  has  couplings,  subtract  then:  axial  length  in  deter- 
Ding  L,  on  the  assumption  that  they  will  not  twist. 
\s  an  example  of  the  electrical  method  of  measuring  6,  the  Denny 
I  Johnson  torsbn  meter*  may  be  cited.  Fig.  232  gives  a  con- 
tbnal  sketch  iUustrating  the  principle  upon  which  this  instru- 
it  operates.  For  a  detailed  description  of  the  latest  form  the 
ler  is  referred  to  the  article  cited  below.  Two  disks  a  and  b 
fastened  to  the  shaft  so  that  the  distance  between  them  is  as 
e  as  possible.  Each  disk  carries  a  permanent,  chisel-pointed 
pet,  indicated  by  c  and  d.    Once  every  turn  these  magnets  pass 

electromagnets  e  and  /,  inducmg  a  current  in  their  windings. 
lese  current  impulses  are 
iltaneous,  they  will  neu- 
ze  each  other  and  no 
id  will  be  heard  in  the 
)hone  receiver  g.  When 
shaft  is  revolving  imder 
load,  the  two  magnets 
pass  over  the  point  e  and 
adjustable   point  /,   so 

a  straight  line  joining 
I  points  is  parallel  to  the 

of  the  shaft,  that  is,  the  shaft  is  under  no  torque,  except  the 
preciable  amount  of  torsion  due  to  friction  in  the  bearings.    If 

the  shaft  is  put  under  load,  the  relative  positions  of  c  and  d 
:;  the  current  impulses  are  no  longer  simultaneous  and  distinct 
Ls  may  be  heard  in  g.  By  turning  A,  thus  shifting  the  point  /, 
sounds  may  again  be  made  to  neutralize  each  other,  and  the 
)unt  that  /  had  to  be  moved  by  the  micrometer  screw  to  repro- 
e  this  condition  is  a  measxure  of  the  angle  of  torque.  Later 
OS  of  this  instrument  are  so  modified  that  both  the  receiver  and 
indicator  may  be  placed  in  any  quiet  place  at  considerable  dis- 
cs from  the  shaft  under  investigation,  and  provision  is  also  made 

several  sets  of  magnets  may  be  placed  around  the  circumfer- 
t  of  the  shaft,  thus  determining  the  variation  of  torque, 
n  entirely  mechanical  form  of  torsion  meter,  which  however 

♦  Transactions  of  the  Institution  of  Naval  Architects,  1907. 


Fig.  232.  —  Proiciple  of  Denny  and  John- 
son ToKSiON  Meter. 
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takes  a  continuous  record  of  the  vaxiation  of  the  angle  of  torsion 
is  the  Fottinger  torsion  meter,*  shown  in  the  conventional  skelci, 
Fig.  233.  In  this  construction  a  disk,  marked  No.  i,  is  carried  by, 
piece  of  tubing,  which  is  concentric  with  the  shaft  and  faslenei 
rigidly  to  the  shaft  at  the  opposite  end.  Another  dislt,  No.  3,  b 
fastened  in  dose  proximity  to  the  first  disk.  Any  torsion  in  the 
shaft  will  cause  a  relative  displacement  of  the  two  disks,  and  ihij 
displacement  is  com- 
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Fig.  333.  —  FiSnnjcER  Torsion  Meter. 


municated  to  an  am 
carrying  a  pencil  hj 
the  linkage  shonu 
The  pencil  makes  a 
record  on  a  dnim, 
which  consists  of  1 
piece  of  tubing  sur- 
rounding   the   sM 


and  which  may  be  moved  in  an  axial  direction  along  a  guide.  Tk 
test  length  is  indicated  in  the  figure.  This  length  is  limited  in  ds 
first  place  by  the  distance  between  shaft  bearings  and  in  the  seoffld 
place  by  any  possible  vibration  or  torsion  which  may  be  set  up  b  flv 
tube  carrying  disk  No.  i. 

Torsion  meters  in  which  a  beam  of  light  is  used  to  indicate  lit 
amount  of  torsion  have  been  designed  by  HopkinsoD  and  Thiingt 
and  by  Bevis-Gibson.J 

165.  Cradle  Dynamometers.  —  These  have  found  extended  libo- 
ratory  use  in  the  testing  of  small  dynamos  and  motors.  In  Fig.  ijl 
the  machine  to  be  tested  is  rigidly  secured  to  the  cradle  /I,  whiclill 
each  side  rests  by  means  of  knife-edges  B  upon  the  Boor-stands  ^ 
The  axis  of  the  armature  is  adjusted  exactly  in  line  with  the  tni^ 
edges.  Witli  the  machine  standing  still,  the  cradle  is  balanced 
means  of  the  balance  weight  £  and  the  poises  F  and  F.  ff* 
set  in  motion  the  magnetic  drag  set  up  between  armature  — ' " 
pieces  unbalances  the  cradle.  From  the  moments  lequi 
store  balance  the  power  output  or  input  may  then  be  con 


*  £.  M.  Speakman,  Inst,  of  Edk-  and  Shipbuildets  of 
t  Tendon  Engineering,  June  14, 1907. 
t  London  F.ngineering,  Feb.  7,  1908. 
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x66.  Electrical  Ibasiireiiieiit  of  Power  Input  and  Ou^t. — 
D3niaiiios  and  motors  fonn  very  convenient  <fynanioineters  for 
deterzniiiing  output  and  input,  and  the  method  of  connecting  them 
up  and  taking  the  observations  will  be  briefly  considered.* 

We  may  have  two  possible  cases.  If  a  power  consumer  is  oper- 
ated by  a  motor,  we  may  take  readings  of  the  electrical  input  and 
multipl3ring  this  by  the  efficiency  of  the  motor  at  the  load  used,  we 
will  have  the  power  delivered  to  the  consumer.  If  on  the  other 
hand  a  generator  is  used  as  a  brake  for  a  prime  mover,  the  electrical 


Fig.  234. — Ckadle  Dynamometer. 

output  must  be  divided  by  the  generator  efficiency  at  that  load 
to  obtain  the  power  delivered  by  the  prime  mover  to  the  generator. 
In  the  last  case,  unless  the  current  can  be  usefully  employed,  it 
also  becomes  necessary  to  furnish  means  for  destroying  the  electiical 
energy,  i,e.y  for  loading  the  generator. 

It  will  be  noted  that  in  either  case  it  is  necessarv  to  know  the 
efficiency  curve  of  the  electrical  machine  used.  In  the  case  of  a 
motor  this  may  be  done  either  by  braking  the  motor  or  by  making 
electrical  measurements  and  computing  the  losses.  For  generators 
the  electrical  losses  may  be  found  in  a  similar  way,  but  whenever 

•  Sec  F.  Bedell,  Direct  and  Alternating  Current  Testing. 
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possible  it  is  simpler  to  obtain  the  curves  from  the  builden  of  the 
machine,  whether  motor  or  generator,  and  the  results  w31  generally 
be  more  accurate.  This  statement  applies  primarily  to  machines 
of  medium  or  large  capacity. 

The  load  on  a  generator  may  be  produced  by  metallic  resistances, 
batteries  of  lamps,  or  water  rheostats.  Where  running  water  is 
available,  metallic  resistances  are  perhaps  the  simplest  means  and 
may  be  made  of  large  capacity.  In-  general,  however,  unless  the 
power  output  is  small,  when  lamp  batteries  form  a  convenient 
resistance,  the  water  rheostat  is  perhaps  the  best  for  controlling 
and  destroying  the  electrical  output.  For  design  constants  tor  J 
either  metallic  resistances  or  water  rheostats  tlie  reader  is  referred  | 
to  electrical  handbooks. 

167.   HethodB  of  Connecting  up,  etc.  —  It  will  not  be  possible  tal 
take  up   under  this   head   all    the  types  of   motors  or  generators  ■ 
which  may  be  used  in  practice.     Most  of  the  cases  will,  howevei,  be  I 
covered  by  considering  the  direct-current  shunt  motor  and  generatw 
and  the  three-phase  alternating-current  motor  and  generator. 

1,   Motors  used  as  Transmission  Dynamometers. — (a)   Direct-cm''j 
rent  Shunt  Motor: 


Fic.  J3S. — D.  C.  Shunt  Motok, 


Connection  to  the  lines  is  made  at  4  and  5,  Fig,  335.  Jt  is  a  I 
starting  resistance  which  should  be  inserted  beyond  the  point  3  to  I 
make  certain  that  the  field  is  always  under  full  excitation.  R  b— 
may  not  be  used  to  regulate  the  speed.  It  is  belter  for  this  p 
to  insert  a  variable  resistance  F'  in  the  field  circuit.     The  p. 
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the  resistance  -F',  i.e.,  the  weaker  the  field,  the  greater  the  speed. 
The  current  should  be  measured  at  i4,  in  order  to  take  account  of 
the  field  current  as  well.  The  voltage,  however,  should  be  measured 
between  i  and  2,  because  the  pressure  difference  at  the  motor  and 
not  in  the  line  is  what  is  wanted.  Of  course,  if  R  is  not  used  to 
regulate  speed,  this  precaution  is  not  necessary.     The  horse-power 

input  to  the  consumer  is  — *-^ — 7 X  motor  efl&ciency. 

(6)  Alternating-current  Motor  (Induction  Motor): 


2 


Q 


yvn 


rfKtl 
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Fig.  236. — A.  C.  Motor. 

Connections  are  shown  in  Fig.  236  with  two  wattmeters,  W^  and 
Wj.  Points  I  and  2  indicate  the  current  coil  connections  to  the  watt- 
meters and  points  3  and  4  the  connections  to  the  potential  coils. 
The  power  input  to  the  motor  is  the  sum  of  the  wattmeter  readings, 
which  multiplied  by  motor  efficiency  gives  input  to  power  consumer. 

2.  GenercUors  used  as  Brakes.  —  (a)  Direct-current  Shunt  Gen- 
erator : 


Fig.  237. — D.  C.  Shunt  Generator. 

The  connections  are  very  similar  to  those  in  Fig.   235.      The 
starting  resistance  is  not  used  and  it  is  immaterial  whether  the 
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voltage  is  measured  between  points  i  and  2  or  i  and  3.    The 

horse-power  input  to  the  generator  =  ^"^P^'^Xvots  ^  g^j^^j^j^j 
^  .  746  *^ 

efficiency. 

(b)  Three-phase  Generator: 


Fig.  238. — A.  C.  Genesatos. 

Wattmeters  are  cut  in  as  in  Fig.  238.    The  sum  of  the  two  read- 
ings is  the  power  generated,  which.divided  by  the  generator  eflSciency  ; 
gives  the  developed  power  of  the  prime  mover. 

168.  The  Testing  of  Belts.  —  The  testing  of,  a  belt  drive  maybe 
for  the  purpose  of  determining  the  efficiency  of  transmission,  die 
coefficient  of  friction,  the  amount  of  creep  or  slip,  or  the  working 
tensions;  but  it  is  possible  to  make  a  single  test  with  proper  arrang^ 
ment  of  apparatus  which  will  give  sufficient  data  for  the  determini* 
tion  and  computation  of  all  these  items.  The  belt-testing  machine 
used  at  Sibley  College,  described  in  the  following  article,  is  coih;^ 
s true  ted  and  arranged  with  this  end  in  view. 

For  the  theoretical  consideration  of   the  friction  of   cords  and; 
belting,  see  Art.  116,  p.  238. 

169.  The  Sibley  College  Belt-testing  Machine.  — The  belt-t 
machine  illustrated  in  Fig.  239  is  used  in  the  mechanical  laboiatoi 
of  Sibley  College.     It  was  designed  by  Wilfred  Lewis  of  Ph3l-^ 
delphia,  and  used  in  the  tests  described  in  Vol.  VII  of  Transac 
of  American  Society  of  Mechanical  Engineers.* 

The  belt  to  be  tested  is  placed  on  the  pulleys  £,  F;  power 
transmitted  through  the  pulley  P  to  the  Lewis  transmission  d 
mometer  and  through  this  to  the  driving  pulley  E.     The  «'*'^ 

♦  The  student  is  referred  to  papers  in  Transactions  of  American  Society  of 
ical  Engineers,  Vol.  VII,  by  Wilfred  Lewis  and  Prof.  G.  Lanza;  also  to  papei 
XII,  by  Prof.  G.  Alden;  and  to  the  Holman  tests  in  the  Journal  of  the  FiankL 
tute,  1885. 
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shaft  is  fitted  with  a  universal  joint  to  elimjnate  transverse  strain 
on  the  dynamometer,  and  to  allow  some  freedom  of  motion  trans- 
verse to  the  shaft  to  the  carriage  which  supports  pulley  £,  The 
tension  carriage,  so  called,  pivots  near  the  floor  ujjon  sheel-steel 
fulcrums,  like  those  used  in  the  Emery  testing  machine.  From  the 
driving  puUey  E  the  power  is  transmitted  to  the  d^i^'en  pulley  f, 
whose  shaft  is  mounted  on  solid  pedestal  bearings  on  the  movable 
carriage  M.  By  shifting  the  latter  along  the  floor  and  securing  it 
rigidly,  any  desired  initial  tension  may  be  put  mto  the  bell.  The 
shaft  of  F  also  carries  a  brake  wheel  /,  the  power  Iransmitlr-d  being 
regulated  by  means  of  the  Prony  brake.  The  rest  of  the  apparatus 
consists  of  a  slip  dbk.  so  constructed  that  the  slip  may  be  read 
directly  in  per  cent.  The  auxiliary  shaft  /  is  driven  from  the  shaft 
on  which  pulley  P  is  placed  through  worm  gearing  having  a  ratio  of 
loo  to  I.  At  the  opposite  end,  near  the  brake  carriage  {see  enlarged 
detail  figure), /carries  a  disk  5,  whose  circumference  is  divided  iiUft 
loo  parts.  Next  to  S,  but  loose  on  the  shaft  I  and  driven  bytr 
worm  W  on  the  driven  shaft,  is  the  gear  L.  The  ratio  belwee 
W  and  L  is  again  loo  to  i.  A  pointer  V  moving  over  the  circun- 
ferential  scale  of  S  is  carried  by  the  hub  of  L,  and  may  be  secured 
in  any  position  desired  by  the  set  screw  T.  Now  supjx>se  thai  th 
machine  is  running  and  that  V  is  set  to  any  point  on  5.  If  there  t 
no  difference  in  the  position  of  F-on  5  when  S  has  made  one  coffli 
plete  revolution,  L  is  moving  just  as  fast  as  5,  and  there  is  no  sii] 
If,  however,  V  has  lagged  behind  say  X  divisions  on  the  scale,  die  sli 
will  be  X  per  cent,  because  as  constructed  each  division  on  the  scai 
is  equal  to  a  lag  of  i  revolution  in  loo,  that  b,  to  a  slip  of  i  per  a 

Platform  scales  are  provided  at  5,  to  obtain  the  net  brake  \(»& 
at  C  to  determine  the  reaction  of  the  tension  carriage,  and  at.^  Is 
find  the  net  load  on  the  dynamometer.  In  what  folloivs,  B  willbl 
called  the  brake  scale,  C  the  tension  scale,  and  A  the  dynamometer 
scale.  Means  should  also  be  provided  for  accurately  delerminiDg 
the  speed  of  the  driving  pulley  E. 

170.  Methods  of  making  Teste  and  Computations.  ^  I.  Withte 
belt  off,  run  the  machine  at  speed  desired  and  determine  theai 
readings  of  dynamometer  and  tension  scales.     Determine  als" 
zero  reading  of  the  brake  scale  as  outlined  in  Art.  144,  p.  276. 
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2.  Put  test  belt  in  place  iinder  very  moderate  tension  and  run 
for  a  few  turns  until  it  adjusts  itself  properly  to  the  pulleys.  Then 
shut  down  and  move  brake  carriage  outward  imtil  the  desired 
initial  tension  in  the  belt  is  obtained.  This  is  determined  by  means 
of  the  tension  scale  as  follows: 

Initial  Tension.  —  In  Fig.  240,  E  is  the  driving  pulley.  The  belt 
tensions  are  T^  and  T,  respectively,  each  acting  at  an  arm  r.    The 


Fig.  240. — Tension  Carkiage,  Belt-testing  Machine. 


shaft  couple  is  represented  by  Px.  The  vertical  arm  of  the  brake 
carriage  is  d,  the  horizontal  arm  is  c  and  C  the  net  reaction  on  the 
tension  scale.     Then,  taking  moments  about  O, 

Cc  -  r,<d  +  f)  +  T,{d  -  r)  +  P(d  +  ^-  p(d  -  ^ 

or 

Cc  =  (/  (r,  +  r^  -  f  (r,-  r^  +  Px. 

But  r  (Tj  —  T^  is  the  couple  due  to  the  belt,  while  Px  is  the  same 
couple  on  the  shaft.     Hence  —r  {T^  —  T^ -\-  Px  =  o,  and  we  have 


from  which 


r.+  r,=  c^- 


(26) 


But  in  this  case,  since  the  belt  is  standing  still,  T,  =  T,  and  therefore 


7'  =  C-^. 

2a 
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This  is  the  total  tniiial  tension,  T  in  each  side  of  the  belt,  and  b 
usually  divided  either  by  the  width  of  the  belt  to  reduce  it  to  inilid 
tension  per  inch  of  width,  or  by  the  cross-sectiooaJ  area  of  [he  l)dt 
to  reduce  it  to  initial  tension  per  square  inch  of  belt. 

3.  Start  machine  and  take  a  series  of  observations,  varj-ing  the 
brake  load,  i.e.,  the  horse  power  delivered,  from  an  amount  as  low 
as  the  brake  will  carr)',  until  the  slip  becomes  excessive,  which  point 
is  indicated  either  by  screeching  and  flopping  of  belt  or  by  belt 
leaving  the  driven  pulley.  For  each  brake  load,  as  soon  as  condi- 
tions become  constant,  observe  reading  of  dynamometer  scale, 
tension  scale,  brake  scale,  speed  of  driving  shaft,  the  arc  of  contact, 
and  sUp,  To  cover  the  entire  field  a  series  of  initial  tensions  should 
be  taken  and  the  same  operation  repeated  for  each. 


Fig.  341.  —  Brake  Carbiage,  Belt-testdic  Machine. 

4,  Computations.  —  (a)  Horse-paiver  Input,  —  See  descript 
of  Lewis  dynamometer.  Art.  158. 

(ii)  Inilial  Tension  per  inch  of  width  or  per  square  inch  of  ci 
section;  see  a  above. 

(c)    Running  Tensions,  T,  in  driving  or  tight  side  of  belt  1 

7,  in  slack  side.     It  was  shown  under  2  that  the  sum  of 

tensions  is  ^       ^       „c  J 

Tt+T^==C2  1 

Fig.  241  shows  the  moments  involved  in  the  brake  scale 
anism.      Here  F  is  the  driven  pulley,  J  the  brake  whe 
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« 

radius  of  F  is  — ^ft,  the  length  of  the  brake  arm  =  6  ft.,  and  the  net 

2 

brake  load  «  B  lbs.    With  moments  above  the  center  of  wheel  F 

we  have 


Bb  +  T.^  =T,^, 
2         \  2 

from  which 

T,-T,=  B±.=  B^  (27) 


Combinmg  this  with  equation  (26)  above,  we  finally  have 

r,=  -^ ^  (28) 

2 

C--5  — 

r, — i — ^.  (29) 

2 

These  equations  give  the  ioial  tensions  T^  and  T^,  which  are 
usually  reduced  to  poimds  per  inch  of  width  or  per  square  inch  of 
cross  section  by  proper  division. 

(rf)  Coefficient  of  Friction,  /.  — This  may  be  obtained  from  equa- 
tion (7),  Art.  116.  Usually,  however,  the  equation  is  simplified  to 
the  following  form:  7^ 

/  =  log.^  -  d,  (30) 

where  6  is  the  arc  of  contact  in  radians. 

(t)  Delivered  Horse  Power  is  computed  from  the  constants  of 
flie  Prony  brake  and  the  brake  load;  see  Art.  144. 

(f)  Efficiency  of  Transmission 

^  Delivered  Horse  Power 
Horse-power  Input 

It  should  be  noted  here  that  the  efficiency  as  above  computed 
takes  into  account  the  friction  of  the  bearings  and  is  consequently 
tJot  the  net  efficiency  of  transmission  by  the  belt  alone. 

5.  The  following  form  used  at  Sibley  College  shows  the  manner 
rf  recording  data  and  of  arranging  the  results. 
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CHAPTER  XI. 

HEAT  AlTD  THE  PROPERTIES  OF  OASES  AHC  VAPORS. 

171.  The  purpose  of  this  chapter  is  to  bring  together  in  one 
)lace  all  the  necessary  definitions,  conceptions,  and  laws  concem- 
ng  gases  and  vapors  and  thus  to  avoid  loading  down  the  chapters 
Icalmg  with  the  testing  of  prime  movers  with  elementary  and  theo- 
retical discussions.* 

172.  Notation  and  General  Definitions.  —  Throughout  this 
Chapter  the  following  notation  will  be  used: 

Q  =  Quantity  of  heat  in  British  Thermal  Units,  B.t.u. 
£  =  Work  in  foot-poimds. 
/  =  Joule  equivalent  =  778. 

^  /      778  ^ 

r  C,=  Specific  heat  at  constant  pressure  in  B.tu. 
C,=  Specific  heat  at  constant  volume  in  B.tu. 

f  =  Absolute  pressure  in  pounds  per  sq.  in. 

f  «  Absolute  pressure  in  poimds  per  sq.  ft 

V  «  Volume  of  a  gas  or  vapor  in  cu.  ft 

rf  =»  Volume  of  one  pound  of  gas  or  vapor  in  cu.  ft.  (  =  specific 

voliune). 
/    =  Temperature  in  degrees  Fahrenheit 
T  «  Absolute  temperature  in  degrees  Fahrenheit. 
W  =  Weight  of  gas  or  vapor  involved  in  a  given  change  or  process. 

173..  The  Heat  Unit  and  the  Mechanical  Equivalent  of  Heat.  — 
Heat  has  to  be  measured  by  an  arbitrary  unit,  and  the  imit  adopted 
b  the  English  system  is  the  quantity  of  heat  required  to  raise  one 

^  The  main  exception  to  this  statement  is  the  discussion  concerning  specific  heat, 
n  Chap.  XXI,  in  connection  with  gas-engine  testing. 
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pound  of  water  through  one  degree  Fahrenheit.     This  is  kmnm 
as  the  British  thermal  unit  (B.t.u.). 

In  the  metric  system  the  unit  is  taken  as  that  quantity  of  hefl 
required  to  raise  one  kilogram  of  water  through  one  degree  Ca^ 
tigrade.*  This  unit  is  known  as  the  large  caloric,  and  is  tbfr 
usual  engineering  unit,  the  physicist's  unit  being  the  small  cokfk, 
which  is  the  one-thousandth  part  of  the  large  calorie.  The  rsliii 
between  the  B.t.u.  and  the  large  calorie  is  i  B.t.u.  =  .252  kilognu 
calorie. 

It  is  of  the  greatest  importance  in  some  engineering  calculatiul 
to  be  able  to  transpose  heat  units  into  equivalent  mechanical  I 
or  vice  versa.  The  determination  of  the  relation  existing  beti 
them  is  entirely  experimental,  and  from  the  first  investigator  wha 
determined  a  definite  value  for  the  British  thermal  unit  the  eofr 
version  factor  has  obtained  the  name  Joule's  equivalent.  Jt 
found  the  mechanical  equivalent  of  one  heat  unit  equal  to  772  foot- 
pounds. This  value  was  later  changed  lo  778  foot-pounds,  which 
the  figure  now  generally  used,  although  some  uncertainty  still  ens 
as  to  the  true  value.  The  mechanical  equivalent  of  heat  in  '& 
metric  system  is  i  calorie  =  424  meter-kilograms. 

174.  Specific  Heat.  —  Specific  heat  is  generally  defined  as  ll 
quantity  of  heat  required  to  raise  unit  weight  of  a  substance  throuj 
one  degree  of  temperature.  In  this  country  the  units  are  0£ 
pound  and  one  degree  Fahrenheit  From  the  nature  of  the  deM 
tion  of  the  heat  unit  given  above,  the  specific  heat  of  water  is  tai 
The  expansion  of  liquids  and  solids  under  a  temperature  rise  of 
degree  is  extremely  small,  so  that  practically  all  the  heat  fumisW 
goes  to  increase  the  intrinsic  energj-  of  the  substance.  There  is 
the  case  of  such  material,  therefore,  no  practical  distinction  betwa 
the  specific  heat  at  constant  volume,  C„  and  that  at  constant  pK» 
sure,  Cp.  With  gas  the  case  is  different.  Here  the  volume  of 
gas  may  be  kept  constant  while  it  is  being  healed  through  one  degW 
or  the  gas  may  be  allowed  to  expand  in  the  process.    In  the  fi« 

■  On  account  of  the  tact  Ihal  Ihe  specific  bc-it  of  water  varies  slightly  with  "S 
pcralure,  it  becomes  necessary  in  the  definition  of  the  beat  unit  lo  fix  (he  "" '''■™* 
of  Icniperalure  through  which  the  heal  is  supplied.     In  the  older  defiiutio 
taken  at  from  60  to  61°  F.  or  from  j;  to  i6°  C,  but  lately  the  unit  Is  bued  np<. 
value  obtained  for  the  entire  range  from  freezing  to  boiling  points  of  water. 
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case  no  external  work  is  done  and  C«  is  consequently  alwa\'s  smaller 
than  C^  by  the  amount  of  heat  required  to  do  the  work  of  expansion 
against  the  external  pressure.* 

LAWS  OF  GASES. 

175.   Boyle^  Law,  Charles'^  Law,  etc  —  An  ideal  gas  is  defined 
as  one  which,  at  constant  temperature,  follows  Boyle's  law, 

pv  =  constant.  (i) 

No  gas  as  far  as  known  follows  this  law  strictly,  departing  from 
it  especially  near  the  region  of  liquefaction,  but  for  all  engineering 
purposes  and  in  the  range  usually  covered  it  expresses  pressure  and 
Tolume  relation  with  sufficient  accuracy.  Pressure  and  volume, 
however,  are  only  two  of  the  criteria  which  define  the  state  of  a 
gas,  the  third  being  temperature.  The  relation  of  pressure  or  volume 
to  temperature  is  expressed  by  Charles's  law, 

£  -=  £l  when  the  volume  remains  constant  (2) 

^^  V       V 

—  =  ;=5-when  the  pressure  remains  constant.  (3) 

The  interrelation  of  the  three  variables,  />,  i',  and  T,  may  be  expressed 
by  a  combination  of  the  laws  of  Boyle  and  of  Charles  as  follows: 

^  =  ^  =  constant.  (4) 

Equation  (4)  is  generally  known  as  the  equation  of  state  or  condition 
of  the  ideal  gas. 

So  far  nothing  has  been  said  concerning  units,  and  as  a  matter 
of  fact  any  units  may  be  used,  provided  only  that  p  and  T  are 
absolute  pressure  and  temperature  respectively.  The  constant  in 
equation  (4)  will  of  course  have  a  different  value  depending  \i\KHi 
the  units  in  which  p,  v,  and  T  are  expressed  and  upon  the  weight  and 
volume  of  gas  concerned.  It  has,  however,  become  usual  in  Eng- 
lish practice  to  express  the  pressure  in  pounds  per  square  foot,  in 
which  case  it  is  designated  by  P,  to  take  absolute  temperature  in 
degrees  Fahrenheit,  and  to  take   the  volume  v  equal  to   that  of 

•  For  distinction  between  mean  and  instantaneous  specific  heat  see  discussion  in 
Giap.  XXI.  Heat  calculations  for  a  given  temperature  range  should  be  made  by 
use  of  the  mean  specific  heat  for  that  temperature  range,  unless  the  simple  assump- 
tion that  specific  heat  is  constant  is  made. 
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one  pound  of  the  gas  under  the  existing  conditions  of  pressure  and 
temperature,  that  is  =  f/.      With  these  units  the  constant  in  equa- 
tion (4)  is  generally  designated  by  the  symbol  R  and  equation  (4) 
becomes                                     p.j 

^-R                              (s) 

For  any  one  gas,  R  is  constant  and  is  the  foot-pounds  of  wrk 
done  by  one  pound  of  gas  when  it  is  heated  through  one  degtea 
Fahrenheit,     See  Table  below  for  values  of  R  for  the  most  common 
gases. 

176.   Specific  Heat  of  Gases.  —  The  distinction  between  sped6c 
heat  at  constant  pressure,  Cp,  and  that  at  constant  volume,  C„  wss 
made  in  Art.  174.     For  any  given  gas  the  specific  heat  varies  with 
temperature,  increasing  as  the  temperature  increases.     The  laws 
of  this  increase  are  not  as  yet  definitely  fixed,  and  for  ordbaiy 
engineering  calculations  it  is  still  usual  to  consider  specific  heal  l 
constant  quantity  for  a  given  gas.     Enough   information  is  noWi 
however,  available  to  make  such  an  assumption    unwarranted  ex- 
cept for  rough  calculation.     The  subject  is  discussed  at  length  in 
Chap.  XXI  in  connection  with  gas-engine  calculations. 

The  ratio  of  the  specific  heats  --^,  which  decreases  with  tenipen- 
ture,  is  designated  by  the  letter  7.      It  is  in  all  cases  computed  frcffl 
the  instantaneous  values  of  specific  heat. 

The  following  table  gives  values  of  C„  C„  y,  and  R  for  a  series 
of  the  more  common  gases. 

Gu. 

Weight  per 
eu.  ft,  at 

Specific  Hat  per  lb.* 

Cwuurft 

Cp 

c. 

Hydrogen H, 

Carbon  Monoxide CO 

Methane CH, 

oos6j 

04464 
07S0C) 
07151 

3 

380 
143 

346 
404 
243 

'375 
455 

380 

:^ 
333 

333 

'73 

:a. 

34 
155 

775-6 

07- y 

55*3 
59- « 

«-»  , 

r 

Acetylene C,H, 

Bulylene C,H, 

Nitrogen Ni 

Oxygen O, 

Air — 

Carbon  Dioxide CO, 

35 

<■  Tbese  &ie  instanianeous  values  for  a  tempeiatUFc  d  about  te^F. 
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177.  Pressure  and  Volume  Clieiiges  in  Gases.  —  (a)  Change  at 
'dmstatU  Pressure. — In  the  rectamguUr  coCtdinate  system,  Fig.  242, 
ht  OX  =  axis  of  volumes  v,  and  OY  =»  axis  of  absolute  pressure 
P.     Let  the  point  i  define  the  initial  state  of  v^  cubic  feet  of  gas  at 


a  pressure  P^  and  a  temperature  T^.  Heat  is  supplied  and  the  gas  is 
allowed  to  expand  at  constant  pressure  to  the  point  2,  where  the  state 
is  defined  by  PiV^Ty     This  change  is  called  isopiestic  or  isobaric. 


Equation  of  state  ;~=-;=?^ 


Work  done 
Heat  supplied 
or 


^  =  A  (v,- Vi)ft.-Ibs. 

g  =  A  -f.  WC,  {T,-  T,)  B.t.u. 

Q  =  WC,{T,-  r J  B.t.u. 


(6) 

(7) 
(8) 

(9) 


For  the  reverse  of  this  change,  that  is,  for  a  compression  from 
2  to  I,  the  same  equations  hold,  except  that  E  and  Q  will  be  negative, 
i.e.,  work  is  done  upon  and  heat  is  rejected  by  the  material  changing 
volume. 
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isothermal   change  « =-  i,   for  the  change  at    constant 
ft  =  00 ,  and  for  that  at  constant  pressure  n  =  o. 
Heat  supplied 

Q-[c.(r,-2-.)+^]B.Lu. 

178.  Entropy  of  Gases.  —  When  heat  is  supplied  to  a  gas,  the 
result  maybe  a  simultaneous  change  of  pressure,  volume,  and  teiQ> 
perature.  In  otherwords,  the  addition  of  heat  may  produce,  fiisl, 
additional  internal  energy  of  the  gas,  involving  rise  of  temperature, 
and  second,  it  may  produce  an  external  effect  which  is  equivalent 
to  the  work  done  by  the  gas  expanded  between  its  containing  walls. 
Mathematically  expressed,  these  changes  may  be  written 

dQ  =  C^T  +  j3v'.  in) 

By  substituting  for  P  in  this  equation  it  reduces  to 

aQ  =  CJiT+(C,-C,]T^.  (») 

and  if  we  write  the  general  equation  for  entropy, 

we  will  finally  have 


■  (c,  -  c.)  5-,  (ji 


which  is  the  general  equation  for  entropy  of  a  gas. 

According  to  the  simultaneous  inttrrelation  between  the  tia 
factors  pressure,  volume,  and  temperature,  equation  (24)  under) 
certain  modifications  which  make  it  directly  applicable  to  each  c 

Case  a.  Change  of  EiUTopy  at  Constant  Volume.  — Under  1 
condition  »,/ 

{C,-C.)^.o. 

We  shall  have  from  equation  (24) 

r       J.  .J. 

ft-A-Clog.!"- 


4 
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Change  of  ErUropy  at  Constant  Pressure.  — From  Pi/  = 
^3i/  =  RdT  we  may  derive  —7  =  -;=■'  which  by  substitution 
311  (24)  gives 

a^  =  f  =  C,f .  (27) 

T 
^,-^x=Cplog^^-  (28) 

Cha^nge  of  Entropy  with  Simultaneous  Change  of  Pressure 

RT 
me.  —  From  equations  Pv'*  =  -Pit^i"  and  P  =  —7-  we  may 


di/  dT 

1/       r(n-i)' 

substitution  in  general  equation  (24)  changes  the  latter  to 

equation    may  be  simplified  by  the  aid  of  the  relation 
,  the  final  form  being 

*,-<^i-C.(^)log.^.  (31) 


LAWS   OF  VAPORS. 

Vaporization.  —  The  conversion  of  liquid  to  vapor  takes 
a  definite  and  different  temperature  for  tvery  different 
,  provided  the  space  above  the  liquid  is  limited.  For  the 
ree  evaporation,  as  for  instance  in  the  open  cooling  tower, 
X)ration  does  not  take  place  at  atmospheric  pressure,  as 
e  supp)Osed,  but  at  a  pressure  determined  by  the  tempera- 
the  liquid.  This  fact  must  be  remembered  when  making 
Ltions  for  such  a  case. 
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To  raise  iinit  weight  of  the  liquid  to  these  different  tern] 
lures  requires  in  any  given  case  a  quantity  of  heat,  called 
of  the  liquid,  equal  to 

g  =  CiiT^  -  r.)  E.Lu.,  { 

in  which  Ci  is  the  mean  specific  heat  of  the  liquid  between 
temperatures  T,  and  T,,  T,  being  the  temperature  of  the  lii 
before  the  addition  of  heat.  This  is  generally  assumed  32* 
r,  is  the  temperalure  at  which  vaporization  takes  place. 

It  would  seem  more  rational  to  assume  7",  at  the  freezing  p 
of  the  liquid  for  every  substance,  although  engineering  prac' 
still  generally  assumes  7'^  at  32°  F.,  probably  because  of  the 
more  general  use  of  steam  as  compared  with  other  vajxirs. 
ammonia  vapor,  for  instance,  this  basis  of  computations  results 
negative  heat  quantities  for  the  values  of  q,  and  in  latent  heat  vJl 
T  partly  negative  and  partly  jjositive  for  temperatures  below  3,2". 

After  heating  the  liquid  to  the  temperature  of  vaporization, 
addition  of  a  quantity  of  heat  known  as  the  latent  heat  of  va^ 
lion  will  convert  all  the  liquid  to  dry  saturated  vapor  at  the 
pressure  and  temperature  previously  possessed  by  the  liquid. 
heat  is  represented  by  r. 

The  latent  heat  of  vaporization  can  be  imagined  to  consist 
two  parts,  the  inlernal  latent  heal,  p,  and  the  external  latent  lieat,  ? 

The  internal  latent  heat  is  that  part  of  the  total  latent  heat  wl 
is  used  to  do  the  internal  worlr  coincident  with  the  molecular 
arrangement  during  the  change  of  state  from  liquid  to  vapor. 

The  external  latent  heat  is  that  part  of  the  total  latent  heal 
is  used  for  doing  the  external  work  necessitated  by  the  enoi 
volume  increase  during  the  change  of  state. 

The  total  heat  above  32°  per  pound  of  dry  saturated  vapor  is, 

Q,=  X  =  q  +  p  +  Apu  =  ?  +  r. 

If  the  process  of  vaporization  ceases  when  a  fraction,  x,  of  a 
pound  of  liquid  has  been  converted  into  vapor,  the  mixture  is  k 
as  wet  saturated  vapor,  and  the  heat  abox'e  3  2°  per  pound  of  i 

Q„=  q  +  X  ip  +  Apu)  —  q  +  XT, 
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As  the  pressure  and  the  quantities  q,  /?,  r,  Apu,  and  X  all  vary  w 
the  teini>erature,  it  is  customary  to  tabulate  them  and  other  use 
prop>erties  of  the  material  in  so-called  vapor  tables.  See  the  Ste 
and  Ammonia  Vapor  Tables  in  the  Appendix. 

i8o.    Superheating  and  Specific  Heats  of  Vapors. — After  vapori 

tion,  as  outlined  in  Art.  179,  is  complete,  the  further  addition  of  h 

results  in  raising  the  temperature  above  that  corresponding  to 

pressure,  if  liquid  were  present.     This  is  known  as  superheati 

Vapor  may  be  superheated  at  constant  volume,  at  constant  pi 

sure,  or  luider  a  simultaneous  change  of  both  pressure  and  volui 

The  usual    method,  however,  is  practically  that  at  constant  pi 

sure,  and  this  will  therefore  be  the  only  case  necessary  to  conside 

Experiment  shows  that  the  specific  heat  of  vapors  varies  v, 

pressure  and  temperature,  and  recently  fairly  accurate  determi 

tions  of  this  quantity  have  been  made  in  the  case  of  water  va 

(steam).     Among    these   the   results   of    Knoblauch   and    Jak 

slightly  modified  at  low  pressures  and  at  temperatures  near  satu 

tion  by  Marks  and  Davis,*  seem  to  be  the  most  reliable.     Fig.  24 

shows  a  graphical  representation  of  Knoblauch  and  Jakob's  resi 

so  modified.     The  ordinates  of  this  diagram  represent  what 

called  "  instantaneous  "  specific  heats,  that  is,  the  progressive  val 

which  vary  from  degree  to  degree  at  constant  pressure  and  fr 

pressure  to  pressure  at  constant  temperature.     In  Fig.   243 

curve  AB  may  be  called  a  saturation  curve,  since  it  is  a  cu 

obtained  by  plotting  corresponding  conditions  of  saturated  stean 

A  more  useful  way  of  plotting  specific  heats,  however,  is  to  p 

the  "  mean  "  specific  heat  for  given  temperature  ranges,  beca 

most  engineering  calculations  in  this  field  call  for  the  determinat 

of  heat  content  of  superheated  steam  at  a  certain  definite  press 

and  temperature. 

»        This  may  be  done  by  means  of  the  data  for  superheated  ste 

*--  contained  in  the  Tables  of  Marks  and  Davis.     The  result  foi 

t-    number  of  pressures  is  shown  in  Fig.  244.     Thus  for  a  pressure 

^r_  100  lbs.  absolute  and  a  degree  of  superheat  equal  to  200°,  the  me 


I 


*  Tables  and  Diagrams  of  the  Thermal  Properties  of  Saturated  and  Superhe* 

,  L.  S.  Marks  and  H.  N.  Davis,  Longmans,  Green  &  Co. 
t  Tables  and  Diagrams,  p.  97. 
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Specific  heat  is  found  to  be  Cp  =  .515.    Hence  the  B.t-u.  represent 
by  this  degree  of  superheat  will  be  200  X  .515  =  103  B-Uu.          1 
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ha\-e  had  to  proceed  as  follows :  The  saturation  temperatuj 
at  100  lbs.  absolute  is  327.8°  F.  (from  Steam  Table,  , 
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00*^  of  superheat  the  steam  temperature  would  then  be 
r.  It  will  next  be  necessary  to  obtain,  in  Fig.  243,  the  mean 
3  for  that  part  of  the  Cp-curve  for  100  lbs.  between  the 
B  327.8  and  527.8.  This  wiU  be  foimd  to  be  .515,  but  the 
ivantage  of  Fig.  244  is  at  once  apparent. 

Use  of  Steam  Tables  and  Diagram.* — Table  No.  I  in  the 
lix  is  computed  with  steam  temperatures  as  a  basis  and 
le  values  of  the  various  quantities  from  32°  to  165*^  F.  It  is 
id  to  be  used  mainly  for  condenser  work,  the  absolute  pres- 
nge  covered  being  from  .2"  to  10.86"  Hg. 
le  No.  II  is  based  on  pressures  and  will  serve  for  all  ordinary 
calculations. 

items  in  both  tables  are  clearly  enough  set  forth  in  the  head- 
)  the  columns  and  need  no  further  explanation. 
5  diagram,  Fig.  245,  is  of  course  constructed  from  steam  table 
and  the  legends  and  directions  it  contains  should  be  sufl&cient 
plain  its  meaning.  Some  of  its  uses  will  be  apparent  in  the 
ring  examples: 

ample  i.  —  Steam  pressure  125  lbs.  absolute,  feed  water  temperature 
[uality  of  steam  95  per  cent,  find  total  heat  per  pound  of  steam  above  feed 
temperature, 
neral  equation: 

Heat  per  pound  of  steam  ^[xr  -\-q  —  (/  —  32)]  B.t.u. 

om  Table  EI,  for  125  lbs.  pressure,  r  =  874.7,  q  =315.5,  therefore  heat  per 
i  of  steam 

=  [(.95  X  874.7)  +  315-5  -(72  -  32)]  =  1 106.4  B.t.u. 

ample  2.  — How  much  heat  is  required  to  heat  boiler  feed  water  from  75° 
X)rization  at  a  boiler  pressure  of  150  lbs.  by  gauge? 

r  the  solution  of  this  problem  it  is  necessary  to  know  the  barometric 
ire,  since  the  tables  are  based  on  absolute  pressure.    Assume  that  the 

Dth  tables  and  diagrams  were  taken  from  the  "  Tables  and  Diagrams  of  the 
li  Properties  of  Saturated  and  Superheated  Steam,"  by  special  permission  of  the 
Prof.  L-  S.  Marks  and  Mr.  H.  N.  Davis,  and  of  the  pubh'shers,  Longmans, 
:  Co.  The  tables  were  much  shortened,  and  this  is  true  especially  of  the  temper- 
•/es,  whieh  in  the  original  covered  the  range  from  32°  to  689°.  The  pressure 
ut  dovvTX  less-  The  diagram  was  reduced  from  a  large  chart  approximately 
inches-  The  book  mentioned  also  contains  an  extended  table  of  the  prop- 
jperhcatea  steam. 
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barometer  stands  at  ig.3",  equivalent  to  a  pressure  of  14.4  lbs. 
lute  pressure  will  then  be  150,0  +  14,4  -  164.4  lbs. 
From  Table  II; 

At  165  lbs.  absolute,  q  =  338.1  B.Lu.  above  31°. 

At  164  lbs.  absolute,  q  =  337.7    "      "     "       ". 

Difference,  .5 


Hence  at  164.4  lbs.,  q  =  337.7  +  (.4  x  -s)  -  337-9  B.t-u.  above  3a' 
thb  value  must  be  subtracted  the  value  of  g  for  feed  water  at  75°.    Tlis 
best  found  from  Table  I,  from  which  g  =  43.05  B.t.u.     Hecce  the  net 
of  heat  required  is  in  tliis  case  equal  to  337.1)  -  43.05  =  394.S5  B.t.u. 

It  is  quite  custCmary  for  ordinary  calculations,  especially  if  no  temperal 
table  is  available,  to  assume  the  specific  heat  of  water  equal  to 
case  the  heat  in  the  feed  water  at  75°  above  31°  would  be  43  B.t.u,,  and 
heat  required  for  [Hl'  case  under  discussion  would  then  have  been  337,9—4 
294.9  B.t.u.     It  will  be  noted  that  the  difference  is  very  small. 

Example  3,  —  The  total  heat  contained  in  a  pound  of  steam  is  found  10 
1175  B.t.u,     The  absolute  pressure  is  iSo  lbs.     Find  the  quality  of  the 
We  have 

»■  +?  =  "75- 
From  the  steam  table,  for  180  lbs.,  r  -  850.8,  q  -  345.6,  hence 

850.8  .r  +  345.6  -  II7S, 
from  which 

X  =■  97.5  per  cent 

The  same  result  could  have  been  obtained  very  quickly  from  the 
Fig.  245,  by  following  the  1175  B.t.u.  line  to  the  right  to  its  intersection  \ 
the  180  lbs.  pressure  line.  This  point  will  be  found  to  lie  halfway  between 
97  and  98  per  cent  quab'ty  lines. 

Suppose,  neit,  that  at  the  same  absolute  pressture  the  steam  had  cODtun 
1260  B.t.u.  per  pound;  find  i.     Here 

850.8*  +345-15  =  "60. 
and  X  =  1.075. 

Evidently  the  steam  is  superheated,  and  the  amount  of  superheat  1 
next  be  expressed  either  in  B.t.u.  or  m  degrees.  To  obtain  the  B.t.u.  of 
heat,  the  quickest  way  is  to  subtract  from  1260  B.t.u.  the  total  heat 
and  saturated  steam  at  180  lbs.  absolute,  equal  to  1 196.4  B.t.u.  from  the  111 
This  shows  63.6  B.t.u.  of  superheat.  The  next  step  is  to  determine  thedcg 
of  superheat,  i.e.,  the  steam  temperature.     We  have 

Cp  (T,  -  7"i)  =  B.t.u.  of  superheat, 

Cp  =  mean  specific  heat  in  the  range  T,  to  Tj, 
Ts  =  actual  temperature  of  steam, 
Ti  =  saturation  temperature  of  steam. 
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In  this  case,  ^^  ^j.^  -  373-  0  -  63.6, 

r,  -  ^  +  373.1. 

If  the  only  information  available  concerning  the  interrelation  of  Cp  and  '. 
is  that  contained  in  the  curves  of  Fig.  244,  the  last  equation  will  have  to 
solved  by  trial,  since  both  Cp  and  Tt  are  unknown.     From  Fig.  244  it  will 
found  that  "when  the  degree  of  superheat  =  iii,  Cp  =  .573  for  180  lbs.  absolul 
and  this  pair  of  values  closely  satisfies  the  above  equation.    Hence  the  stca 
temperature  is  373.1  -f  iii  =  484.1®  F. 

Again  the  diagram,  Fig.  245,  would  have  given  this  result  without  comput 
tion,  for  following  the  1260  B.t.u.  line  to  the  right  until  it  crosses  the  180  11 
pressure  line,  it  will  be  seen  that  the  point  of  intersection  is  just  about  halfw: 
between  the  100^  and  the  120°  lines  of  superheat. 

Example  4.  —  The  vacuum  gauge  on  a  condenser  shows  26"  Hg,  while  t 
teini>erature  in  the  condenser  is  1 10°.    The  barometer  shows  29"  at  the  sar 
time.     What  proportion  of  the  absolute  pressure  in  the  condenser  is  due 
the  presence  of  air? 

A  temperature  of  iio^  in  the  condenser,  if  steam  alone  were  present,  ca 
lor  an  absolute  pressure  of  2.589"  Hg,  according  to  the  temperature  table 
the  Appendix.    The  absolute  pressure  really  is  29  —  26  =3"  Hg,  and  the  exec 
pressure,  or  .411"  Hg,  is  therefore  due  to  the  presence  of  air. 

Example  5.  —  One  pound  of  steam  at  an  absolute  pressure  of  1 50  lbs.  and 
temperature  of  460°  F.  is  expanded  jsen tropically  to  a  pressure  of  30  lbs.  abs 
kite.  What  is  the  state  of  the  steam  at  the  end  of  the  expansion  and  what 
the  diflference  in  heat  content  of  steam  at  beginning  and  end? 

The  saturation  temperature  of  the  steam  is  358.5°  F.,  hence  the  steam 
8iq>erheated  to  an  extent  of  460  —  358.5  =  101.5°.  The  problem  is  be 
solved  by  means  of  the  diagram.  Fig.  245.  Since  in  this  diagram  the  abscis! 
x^resent  entropy,  an  isentropic  change  is  represented  by  a  vertical  lir 
Starting,  therefore,  on  the  150  lbs.  pressure  line  at  a  point  representing  101. 
ci  superheat,  drop  a  vertical  line  to  an  intersection  with  the  30  lbs.  prcssu 
line.  The  point  of  intersection  indicates  a  quality  of  95.1  per  cent,  the  stea 
having  changed  its  state  from  that  of  superheat  to  4.9  per  cent  wet.  F 
150  lbs-  absolute  pressure  and  101.5®  o^  superheat,  the  B.t.u.  scale  at  the  k 

shows  a  heat  content  of  1255  B.t.u.  per  pound.    At  30  lbs.  and  95.1  per  ce 

quahty^  the  scale  shows  a  heat  content  of  11 18  B.t.u.     Hence  the  dillercn 

of  heat  content  is  in  this  case  1255  —  11 18  =  137  B.t.u. 

Example  6.  —  Find  the  heat  required  to  superheat  i  pound  of  steam  fro 

4^5  ^o  S*^  ^'  ^^  ^  constant  pressure  of  200  lbs.  absolute. 

The  saturation  temperature  for  200  lbs.  is  381.9°,  hence,  the  above  temper 

ture  ranges  call  for  a  degree  of  superheat  increasing  from  43.1°  to  ii8.r° 

Fig.    7M   shows   that  at  43.1°  and  200  lbs.  mean  Cp  =  .642,  hence  the  he. 

squired  to  sup^erheat  up  to  that  point  is  43.1   X  .642   =   27.67  B.t.u. 
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ii8.i^  and  200  lbs.,  Cp  =  .582,  hence  the  heat  required  up  to  this  tanpeite  ■  ^* 
is  118.1  X  .582  =  68.72  B.t.u.  The  net  expenditure  of  heat  to  raise  theto^j 
perature  from  425°  to  500°,  therefore,  is  68.72  —  27.67  «  41.05  B.tu.  perpoaai 
The  same  result  would  have  been  obtained  much  more  quickly  from  the  da- ' 
gram,  Fig.  245,  by  reading  off  the  difference  in  the  heat  content  of  steam  it 
43°  and  118°  of  superheat,  following  the  constant  pressure  line  200,  althoojlk 
this  chart  cannot  give  the  result  quite  so  closely. 

182.  Entropy  of  Vapors.  —  Defining  entropy  by  the  equation 

'^  =  ^'  (35) 

a  finite  entropy  change  must  be 

A^=/^-  {36) 

During  the  heating  of  a  liquid  preparatory  to  vaporization 

dQ  =  C4T,  (37) 

where  Ci  =  specific  heat  of  the  liquid.     Substituting  this  value  of 
dQ  in  equation  (36),  we  have  the  entropy  change  of  the  liquid 

r^«     dT 

i^h-l    Ci-^^  (38) 

which,  in  case  Ci  is  assumed  constant  or  taken  as  the  mean  value 
through  the  temperature  range,  can  be  written 

^<t>i=Ci\    '-;=r  =  Ci  log. :=;*.  (39) 

In  the  so-called  **  entropy  of  the  liquid  "  in  the  steam  tables,  as 
computed  above  32°,  the  value  of  T^  in  the  above  equation  is  equal 
to  492,  while  Tj  is  the  temperature  of  vaporization. 

During  vaporization  of  a  liquid  at  constant  pressure  the  tem- 
perature remains  constant,  and  the  heat  added  is  the  latent  heat 
of  vaporization,  r,  so  that  the  entropy  change  during  vaporization  is 

A^.=/f=^.  (40) 

If  vaporization  is  incomplete,  i.e.,  if  the  vapor  formed  has  the 
quality,  x,  less  than*  unity,  the  heat  added  during  vaporization  is 
only  xr,  and  the  entropy  change  is 

A^„=/f  =  f.  (41) 
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taJ  entropy  change,  therefore,  experienced  by  a  liquid 
►ted  from  any  temperature  Tj,  and  vaporized  at  a  given 
pressure  at  a  temperature  T,,  will  be 

T         OCT 

A<^,=  Ci  log^  2^  +  jT  •  (42) 

K>r  is  dry  and  saturated,  this  equation  becomes 

T        r 

^<l>mt^  Ci  log,  j^  +  Y'  ^"^^^ 

vapor   is  next  superheated  at  constant  pressure  (usual 
in  equation  (36)  may  be  written  =  Cj/iT^  and 

dT 


p    /p 


Tt 

T 
^Ci\og.-=f  (44) 

Tj   is   the  mean  specific  heat  for  the  temperature  range 
=  T"^.      The  total  entropy  change  per   pound  of  liquid 
from  a  temperature  T^  into  superheated  vapor  at  a  tem- 
;  r,  will  be 

A^.  =  C,  log.  ^  +  ^  4-  C,  log.  ^  (45) 

d  the  vapor  has  been  superheated  at  constant  pressure. 
vapor  table  for  steam  in  the  Appendix  gives  the  entropy 
liquid/  the  entropy  of  vaporization,  and  the  total  entropy 
and  saturated  steam.  If  the  steam  is  superheated,  the  third 
IX  in  equation  (45)  will  have  to  be  computed. 
The  Temperature -Entropy  Diagram  for  Steam.  —  In  a  rec- 
ar  system  of  coordinates,  Fig.  246,  let  the  abscissae  represent 
y,  designated  by  ^,  and  the  ordinates  represent  absolute 
ratures,  T.  Entropy  changes  of  the  liquid  will  in  such  a 
m  be  represented  by  a  line  a-b-\,  etc.,  called  the  liquid  or 
curve y  the  data  for  which  line  may  be  obtained  either  by 
g  equation  (39)  or  by  use  of  the  steam  table  in  the  Appendix, 
iagram  is  constructed  for  one  pound  of  water.  Suppose  that 
ization  begins  at  the  point  6,  where  the  absolute  tempera- 
i  653.2°,  corresponding  to  an  absolute  pressure  of  10  lbs.     At 


3« 
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this  point  the  entropy  of  the  liquid  above  32°  is  0.2832.  See  steal 
table.  During  vaporization  the  temperature  is  constant,  until  ihe 
point  c  is  reached,  where  all  of  the  water  has  been  cvaporaled.  The 
heat  of  vaporization  during  this  change  is  982  B.t.u.,  and  tiie  en- 


tropy change,  therefore,  is =  1.5042, 

053-2 


vhich,  added  W  the 


entropy  at  b,  makes  a  total  entropy  change  above  32°,  equal  to  1.7874. 
If  only  a  part  of  tJie  water  is  vaporized,  only  a  proportionate  put 


FlO.   146.  —  ESTkOPV    DlAGRAU    F 


of  the  heat  of  va])orization  is  used.     For  instance,  assume  thai 
qualify  of  the  vapor  is  90  per  cent.     Then  the  heat  rendered  lalefll 
in  the  vaporization  process  =  .90  X  982  =  8S3.8,  and  the  entrofl 

change,  therefore,   is  — ^=  1-3538.     The  total  entropy 

653-2  ' 

above  32°,  therefore,  is  1.6370.     This  locates  the  point  e  on  0 
diagram.     The  line  be  is  equal  to  .9  of  the  line  be,  and,  in  fact,  a 
quality  of  steam  in  this  diagram  may  be  determined  by  finding^ 
ratio  of  actual  length  of  the  vaporization  line  to  what  n 
the  length  if  vaporization  were  complete. 
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eaching  the  point  c,  the  vapor  is  next  superheated,  the 

re  again  rises  with  an  increase  in  ^  as  represented  by  the 

J  data  for  which  may  be  computed  from  equation  (44). 

other  pressure,  as  30  lbs,,  the  process  will  be  determined 

abiC^d^j  the  data  for  which  is  obtained  in  exacdy  the  same 

)oints  c,  c„  c^  .  .  .  are  joined  by  a  smooth  curve,  the 

be  is  the  so-called  saiuratian  curve  for  steam. 

^on  to  the  right  of  this  line  the  material  must  be  super- 

lile  to  the  left  it  must  consist  of  wet  vapor  until  the  line 

:hed,  where  all  the  vapor  is  condensed. 

M»ure  and  Volume  Changes  in  Vapors,  —  (a)  Change  (U 

Pressure. 

Saturated  Vapor.  —  Dxiring  a  volume  change  at  constant 

nth  a  saturated  vapor,  the  temperature  remains  constant 

r  such  a  vapor  the  isothermal  line  and  the  isobar  are 

Also,  since  a  change  of  volume  at  constant  pressure 
orated  vapor  can  only  occur  during  vaporization  or  con- 

every  such  change  is  accompanied  by  a  change  in  the 
the  vapor.  . 

)f  the  line,  P  =  constant.  (46) 

5,  £  =  P  (v,-  vj  ft.  lbs.  (47) 

)lied  during  an  expansion  from  Vj  to  v,  ^  which  the 
the  vapor  changes  from  x^  to  x^ 

=  Q  =  (?3+  ^aO  -  (?i+  ^lO  B.tu.      (48) 

5     ^2=  ji,  and  f,=  fj,  hence, 

Q  =  K^2^  ^1)  B.t.u.  (48a) 

Superheated  Vapor.  — The  conditions  accompanying 
of  volume  at  constant  pressure  in  a  superheated  vapor 
iefined  by  the  lines  representing  the  entropy  changes 
>erheating  in  Fig.  246.  Accordingly,  any  such  change  is 
ed  by  a  rise  or  drop  in  temperature,  depending  upon 
lere  is  expansion  or  contraction,  and  such  temperature 
e  perhaps  most  easily  considered  by  the  construction  of 


344  EXPERIMENTAL  ENGINEERING 

a  curve  similar  to  cd.  la  jjresHure-volume  coordinates,  the  : 
ing  approximate  formula  of  Tumlirz  may  be  used  in  the  c 
steam :  j- 

V  =.sq62--  .256, 
in  which  v  -=  specific  volume  of  the  superheated  steam, 
T  =  absolute  temperature  in  F  degrees, 
p  —  absolute  pressure  in  Ibs./sq.  in. 
Equation  for  the  line,  P  =  constant. 
Work  done,  E  =  P  (v^-  v,)  ft.-lbs. 

Heat  supplied  during  an  expansion  from  w,  to  v^ 
Q  =  C^(T,-  T,)  B.t.u., 
where  Ti  and  T,  may  be  obtained  by  use  of  Tumlirz's  equati 

{b)   Constant  Volume  Changes. 

Case  of  Saturated  Vapor: 
Equation  of  line  v  =  constant. 
Work  done,  E  =  o  ft.-lbs. 

Heatsupplied      Q  =  (.q^  +  x^p^  —  (y,+*,^J  B.t.u. 

Case  0/  Superheated  Vapor:  ^ 

Equation  of  line,  v  =  constant.  ^^V 

Work  done,  E  =  o  ft-lbs.  *^ 

Heat  supplied,     0  =  C,  (r,-  TJ  B.t.u. 

Constant  volume  changes  actually  occurring  are,  however,  usually  cases  ol 
ing  mass,  and  Ihe  equations  above  'lu  not  then  apply.  (Eiatnple,  toe  o(  ji 
card  after  release  in  steam  or  gas  engints.) 

(c)  Isentropic  Change*  — ,\n  idea  of  the  volume,  pn 
temperature,  and  quality  changes  which  accompany  an  iser 

•  An  adiabatic  process  is  one  in  which  interchange  of  heal,  or  heat,  betn 
n'orking  medium  and  other  bodies  docs  not  occur,  — in  otlier  words  Ihe  worldl 
is  Ihermally  isolated.  An  isentropic  change  is  defined  as  one  during  wMdi 
tropy  remains  constant.  It  has  been  held  thai,  in  tlic  case  of  vapors,  these  t« 
are  not  necessarily  synonymous.  Il  is  rlear  however  that  in  the  giec 
cases,  when  the  engineer  uses  the  word  adiabatic,  he  refers  to  the  cct 
slant  cDtropy,  i^.  to  the  isentropic  process. 
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change,  say  expansion,  in  a  vapor,  is  best  gained  from  a  preliminar 

study  of  the  entropy-temperature  diagram.    In  Fig.  246,  ad  is  thi 

liquid  line  for  stean^  and  cd  the  saturation  line  for  steam.       Since 

during  a  reversible  adiabatic  change,  there  is  no  change  in  the  tota 

entropy  of  the  vapor,  such  a  change  will  be  indicated  by  a  straigh 

line  parallel  to  the  axis  of  temperatures.    For  instance,  startinj 

at  the  point  c,,  on  the  150  pound  pressure  line,  an  isentropic  expansioi 

to  10  lbs.  pressure  is  indicated  by  the  line  c^t.     During  this  change 

the  quality  of  steam,  which  was  equal   to   unity  at  c^,  steadilj 

he 
decreases  imtil  at  10  lbs.  pressure  it  is  measured  by  the  ratio  — 

Similarly,  at  any  other  pressure,  as  70  lbs.,  the  quality  will  be 

p,  and  it  will  be  noticed  that  the  quality  decreases  as  the  pres 

sure  drops. 

The  quality  variations  during  isentropic  expansions  vary  witl 
different  initial  qualities,  and  no  simple  law  which  expresses  thesi 
quality  changes  can  be  given.  For  this  reason  it  is  again  best  t( 
icsort  to  the  T^  diagram  when  studying  any  particular  case. 

This  diagram  shows  the  entropy,  temperature,  pressure,  am 
quality  changes,  but  does  not  directly  show  the  volume  changes 
Since  most  of  the  actual  engineering  calculations  are  based  01 
pressure-volume  changes,  it  becomes  necessary  to  find  a  meani 
of  determining  the  volumes  corresponding  to  the  different  point 
«,  ^i,  f J,  etc. 

Neglecting  the  volume  occupied  by  water,  which  in  all  real  cases 
is  almost  vanishingly  small,  the  volume  occupied  by  a  pound  o: 
wet  steam  is  to  the  volume  occupied  by  a  unit  weight  of  dry  anc 
saturated  steam  at  the  same  pressure  as  the  quality  of  the  wet  stean 
is  to  unity,  that  is, 

!!•  =  ^ 

V  I 

>here  v«  is  the  volume  occupied  by  one  pound  of  steam  at  quality  x 
«nd  V  is  the  volume  occupied  by  one  pound  of  dry  and  saturatec 
^team  at  the  same  pressure,  that  is,  the  specific  volume,  which  lattei 
^nay  be  found  from  steam  tables. 
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From  thb  it  follows  that  the  volume  occupied  by  steam  vfi4  I 
conditions  shown  by  any  point  such  as  e  in  the  2"^  diagram,  Fij  A 
246,  is  equal  to  the  corresponding  quality  multiplied  by  the  spaific  1 
volume,  that  b, 

be 


X  times  specific  volume. 


It  is  therefore  possible  to  plot  a  Pv  curve  representing  isentropicl 
changes  of  saturated  steam  by  means  of  the  T^  diagram  and  iboa 
specific  volumes  given  in  the  steam  tables. 

For  superheated  conditions  the  isentropic  change  must  also  b 
represented  by  avertical  line  in  the  T<j>  riiagram.  Here, again, tl 
diagram  shows  tem|)erature  and  pressure  variations  accompinjp 
ing  the  isentropic  change,  but  it  gives-no  indication  of  the  volume 
attained.     These  are  best  computed  from  the  equation  of  TunJin 

(49). 

Equation  of  the  line: 
For  isentropic  expansion  of  steam,  approximate  formulae  oi  ihc 
form  Pv"  =  constant,  have  been  developed. 

For  saturated  steam  with  initial  quality,  x,  between  0.7  and  i. 

Pi' '■'"+''■"=  constant 
For  steam  remaining  superheated 

Pv  '■"  =  constant.  fy 

Work  done  is 

,.  P.v,  —  P,v,      ,    ,,     [for  saturated  steam  with  initial! 

h  =— — — V — ft.-lbs.{         ,.  .     ,  I- 

(1.035  +0.1  x)-~i  [  qualities  between  o.j  and  i.o  ) 

E-  7,8  (■,,  +  «,r,-j,-.v/.)  ft.-lfc.l'""''""!"^^  '"^'•'  "*!.    (ij 
(     any  mitiai  quality        ' 

In  all  cases  the  heat  supply  is  Q  =  o  B.t.u.  by  definition  of  i 
adiabatic. 

185.   Cycles  and  Their  Efficiencies.  —  The  cycles  discussed  undal 
this  head   are   purely   thi-oretical,  so    lliat  the  efficiency  formulf 
developed  and  the  elTIcicnce!^  computed  from  them  show  the  1 
theoretically  obtainable  by  ideal  engines  which  operate  upon 
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is.  Ib  any  actua)  case,  owing  to  various  losses^  the  red  cycles 
approximate  the  theoretical  cycles,  so  that  the  theoretical 
iency  may  serve  as  a  standard  and  the  ratio  of  the  efl&ciency 
ally  obtained  to  the  theoretical  efficiency  may  be  taken  as  a 
sure  of  the  degree  of-  pierfection  of  actual  operation.  This 
)  has  in  some  cases  a  specific  name.  Thus,  in  the  case  of  the 
procating  steam  engine,  it  has  been  called  the  **  cylinder  effi- 
cy;"  m  the  case  of  ihe  turbine  the  name  "  potential  efficiency  " 
been  used. 
'as  Cycles.  —  (a)  Carnal  Cycle,  shown  in  Figs,  247  and  248. 


'ijnij^^O 


V  ^ 

Figs,  247,  248. — Casnot  Cycle  for  Gas. 


supplied  per  Ib.of  gas^P^F^  log.  j^  ^  RT^  log.  r  ft.-lbs.  (^2) 


T,  {4>B  -  <f>A)  B.t.u. 


(63) 


discharged 


done 


^c>'clog.^ft.-lbs.  =  ier^  log.  r  B.t.u. 

(64) 
(65) 


Ti{4>c—4>D)  B.tu. 


if?  (r^  -  r,)  log.  r  B.t.u.   •  (66) 

.  (r,  -  r^  (<f>B  -  <}>a)  B.t.u.         (67) 


Qcy  =• 


ie(r.-r.)iog.r    (r.  -  t,)  (<f>B  -  4>a) 
fir,  log.  f     °     t,{<}>b-4>a) 


—  :1-L 


Ti 


(68) 
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(b)    Stirling  Cycle  (used  in  hot-tir  engines).     Figs.  249  and  jj 


Fios.  149,  150, — Stirling  Cycle. 

All  the  formula  for  this  cycle  are  the  same  as  those  devdopt 
above  for  the  Camot  cycle.  The  heal  discharged  along  BC 
stored  in  the  regenerator,  which  is  a  part  of  the  engine,  and 
restored  to  the  working  substance  along  DA. 

(c)    Ericsson  Cycle  (used  in  hot  air  engines).     Figs.  251  and  352. 


Figs.  151,  153. —  Ericsson  Cycle. 

The    formulfe    for    this   cycle   also    are    the    same    as    for   (i^ 
or  (b). 

The  action  of  the  regenerator  along  AB  and  CD  is  the  sar 

under  (&). 


f 
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(i)   The  OUo  Cyde.    Figs.  253  and  254.  . 


L 


Figs.  253,  254.  —  Otto  Cycue. 


* 


(69) 


Heat  supplied  per  lb.  of  gas  (along  AB) 

C^T=  C,  {Tb-  Tj^  B.t.u. 

Ta 

Heat  discharged  per  lb.  of  gas  (along  CD) 

<Tc 

C^T  =  C,  (Tc  -  Td)  B.t.u. 

Tj> 

Work  done  =  C,  (Tb  -Ts-Tc+  Td)  B.t.u.    '       (71) 

C,  {Tb-Ta  -Tc  +  To)      Tb-Ta-Tc+  Tp  ,    . 
C,  (Tb  -  Ti)  Tb  -Tj,  ^^  * 

(73) 


-/ 


(70) 


Efficiency 


To 


In  the  development  of  these  equations,  C,  is  assumed  constant. 
The  last  form  of  equation  (73)  is  derived  by  the  aid  of  the  adiabatic 
quation  Pif  =  constant. 

{e)    Brayton  Cycle.    Figs.  255  and  256. 


Figs.  255,  256.  —  Brayton  Cycle. 
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Heat  supplied  per  lb.  of  gas  ^(along  AB) 

-      c^r-ccrs-rjBxu. 

Heat  discharged  (along  CD)    ; 

-I     0,4T-C,(Tc-T,>)B.t.n. 
Work  done  _    -  C,  (.Tt  -  T^  -  Tc  +  To)  B.I.U. 

EfBciency 


C.  (r,  -T.-Tc+  7-j) 

c,  {T,  -  rj 


(7i; 


This  reduces  to  exactly  the  same  form  as  equation  (73).    Th 
assumption  is  again  made  that  specific  heat  is  constant. 
(f)   Diesd  Cycle  {modified  Brayton).    See  Figs.  357  and  258. 


Figs.  157,  358.  —  Diesel  Cycle. 
Heat  supplied  per  lb.  of  gas  {along  .45) 

=  r  ^C^T  ^  C,  {Ts  -  T^  B.tu. 
Heat  discharged  per  lb.  of  gas  {along  CD) 

=  r  "cm  =  C.  (Tc  -  Tn)  B.f.u. 

__    yTj,        _ 

Work  done  =  [C,  (Ts  -  Ta)  -  C.  (Tc  -  To )]  B.tu. 


'  ^  a 


>       :»     > 


i^V-^wr-.! , 


rfifttft  r  .s   lift  larenr  .ittzz  ^  t 

T'lft  v/-,rir   innit  :.-.  ^t  o-^ncie  «TiaL  ia 


i^ 


i*.=  ^ 


irjar/uwr.-x 


•f 


••kT  • 


r. 


Ck' 


)V*rx:   Cirwrtf    ',  v-iA  'ctsk  ^^  Dm. 


*if>uw*'.-»  t«>«v:* '-miv  ;cicin  "rne  maaeoc  'ae  Caraat 'rirse  at  die  Tx^ 

^-«% '%  '^7^  'n^  'iun^  inace  ▼men   irzvn  :o  r'd  ^^nEEnaHB  cezevbcsw  of  the 


livin 


•TTj^i  ',y^  '.^R  Tiorr.nflf  uir^sanf.e:,     rfimrr 


r. 


ail 


6^    ClauxiiLi  C'jr.U  'jsitk  Satur^jud  Si 


Figs.  261  and  262. 


i 


Ficij-  261,  2f^2,  — Clausius  Cycle,  Saiuxazcd 


\mn 


Ifrrat  -uf/pli<:ri  r^:r  lb.  of  steam 

7t  '  I2  *  -^V:  =  Ci  Ti-  r^  -  r^.'*?^-  <^J  B.t.u.,  (86) 

;i  .'uminj^  fha^  Ci  :-  f  on^tant. 

Ifrat  fJi/iiargrd       x^^~-  T^(<p^- fp^)  B.t.u.  (87) 
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The  work  done  is  again  the  difference  between  equations  (86)  and 
7),  and  the  efficiency  consequently  is: 


(88) 
(89) 


'      C,{T,-T^+TA<h-<t>y 
t  can  be  shown  by  inspection  of  areas  in  the  T<f>  diagram  that 


term 


T.  (<!>.-  4>^ 


c,{T,--T;i+TA4>,-<l>a) 


is  greater  than  the  term 


T^ 


hence  that  the  efficiency  of  this  cycle  is  less  than  the  efficiency 

be  Camot  cycle  between  the  same  temperature  limits. 

)  Clausius  Cycle  with  Superheated  Steam.    Figs.  263  and  264* 


h  h' 


Figs.  263,  264. — Clausius  Cycle  with  Superheated  Steam. 


bar« 


supplied 
=  ?t-?2+ri+Cp(r,-.  r,).  (90) 

=  Ci  (T,  -T^+T,  (i^-  ^J  -f  Cp  (r,-  rj  B.t.u.,         (91) 
assuming  that  Ci  is  constant,  and  that  C^,  is  constant. 

discharged  =  xjr^==  Tj{<f>c—  4>d)  B.t.u.,  (92) 

done  =  equation  (91)  —  equation  (92) 
jncy 


=  I  — 


(93) 
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(d)   Jiankine  Cycle  wUh  saturaud  steam.     Figs  265  and  366. 


f' 


Figs.  365-166.  —  Ra-veike  Cycle  with  Satdkaied  Steam. 
Heat  supplied 

Heat  discharged  (along  Vc) 

=  (?/+-ar^>y)  -  (?,+  x^;^  =  c,  (T^-  r^.  "      hi 

In  equation  (95)  x,  and  x^  are  best  determined  fra^  the  1*1 
diagram.  C,  is  what  might  be  called  the  mean  constant  voluiB 
specific  heat  of  the  wet  steam  in  the  temperature  range  T^  to.I> 


Heat  discharged  (along  erf)  =  x-/^  -^  T,  { 


-  0j)  B.t.u. 


(9« 


The  work  done  in  the  cycle  is  in  this  case  equal  to  the  sum 
the  quantities  in  equations  (95)  and  (96)  subtracted  from  the  hd 
quantity  in  equation  {94).     The  etEcicncy  may  be  written: 

Efficiency 

c,  (r,  -  r,)  +  r,  (,».  -  «  -  g;  {T,  -  r.)  -  r.  (.».-  AiI 


c,{T,-  r,)  +  T, ( 

C,{T,-  T,)+T,  (<!,,- 4.,) 


(« 


An  inspection  of  the  areas  developed  will  show  that  the  R»nMi 
cycle  is  less  efficient  than  the  Clausius  cycle,  sincQ  the  fnjrk  , 
Tent  to  the  aceacc'.t^'  U  not  obtained  in  the  former  cy^e. 
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;)  Rankine  Cycle  with  Superheated  Steam.     Figs.  267  and  268. 

LTt V  — ^b' 


b     1/ 


?  sf^YWd' 


Figs.  a67>368.— Rankinx  Cycix  wuh  Supkkbxated  Stsail 


it  supplied 

=  Ci  (r,~  T^  +  r,  (<^ ^  0j  +  Cp  (r,-  ro  B.t.u.      (98) 

it  discharged  (along  Vi;)  =  {q^  +  Xe^/)c')  -  (?«+  ^ep^ 

-  C.  (r,.  -  Tj)  B.t.u.  (99) 

it  discharged  along  {cd)  =»  x/3«=  T,  {(fy^—  4>d)  B.t.u.  (loo) 

>Wk  done  is  again  equal  to  the  sum  of  the  heat  quantities  in 
itions  (99)  and  (loo)  subtracted  from  the  quantity  in  equation 
,  and  the  efficiency  equation  in  the  final  form  will  be 


lency  =  i  — 


C,{T^-T:i  +  TMc-<t>,) 


c,(r^-ro + r.(^-^<0 +c,(r,- r.) 


(lOl) 


:k.  In  this  cycle  the  point  tf^  Fig.  368,  is  of  course  not  necessarily  on  the  steam 
as  indicated.  The  steam  at  release  may  be  either  superheated,  dry  or  satu- 
Df  wet.     The  second  d  these*  cases  is  represented  in  the  figure. 


CHAPTER  Xn. 
THE  HEASURBHEHT  OF  UQUIDS,  GASES,  AKD  VAPORS. 

186.  General  Connderatioiu.  —  The  number  of  methods  oE  meas- 
uring fluids  is  large.  The  choice  of  one  or  the  other  for  any  given 
case  depends  generally,  first,  upon  the  quantity  of  liquid  to  be  meas- 
ured, and  second,  upon  the  relative  accuracy  of  the  several  methods 
that  are  available. 

The  methods  in  common  use  are  by  most  authorities  classed  under 
two  heads:  positive  and  inferential.  A  positive  method  is  one  ia; 
which  all  of  the  liquid  concerned  in  any  given  transaction  is  subjected 
to  measurement,  while  by  an  inferential  method  only  a  certain  pul 
of  the  total  quantity  is  measured.  The  proportion  that  this  put 
bears  to  the  whole  must  of  course  be  known.  Examples  of  positive 
methods  are  very  common.  To  the  class  of  inferential  methodt 
belong  the  method  of  Brauer  for  measuring  water  (see  p.  367)  ano 
the  use  of  so-called  proportional  gas  meters  for  large  capacitie* 
Generally  speaking,  positive  methods  are  more  accurate  than 
ferential,  because  they  obviate  the  error  involved  in  determming  tl* 
proportionality  of  the  part  subjected  to  measurement.  Such  methoi! 
should  therefore  be  preferred;  unfortunately,  however,  the  size 
the  apparatus  or  appliances  required  in  many  cases  hmits  th 
applicability. 

Another  distinction  that  can  be  made  between  the  various  methoi 
of  measuring  fluids  is  to  class   them  as  direct  and    indireci,    Tl 
difference  lies  in  the  fact  that  in  some  cases  it  is  possible  to  deterni 
the  entire   quantity  of  any  flowing  fluid  by  direct  measurei 
(weighing  or  volume  determination).     In  other  cases,  since  quani 
is  a  function  of  velocity  of  flow  and  of  stream  cross  section, 
quantity  may  be  found  indirectly  by  determining  each  of  these  fa^ 
tors  separately.    In  the  majority  of  cases  direct  methods 
accurate  than  indirect,  but,  again,  their  field  of  appli 
limited  to  comparatively  small  rates  of  8ow. 
356 
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Methods  of  Measuring  Water  or  Other  Liquids. 

187.  Classification  of  Available  Methods.  —  The  various  methods 
or  measuring  water  may  be  enumerated  in  greater  detail  as  follows: 

L  Actual  weighing.  May  be  positive  or  inferential.  When  used 
positively  this  is  the  most  accurate  method  known. 

II.  Measurement  by  means  of  orifices,  such  as  weirs,  nozzles, 
Venturi  tubes,  etc.  The  accuracy  of  these  methods  may  be  made 
almost  anything  by  the  care  taken  in  arranging  and  calibrating  the 
orifice.     May  be  positive  or  inferential  but  generally  used  positively. 

ni-   Measurement  by  volume  displacement. 

IV.  Measurement  by  volume  displacement  in  mechanical  meters 
which  are  practically  always  hydraulic  engines  of  some  kind,  being 
moved  by  all  or  a  fraction  of  the  liquid  flowing  through  them.  The 
motion  is  recorded  automatically  and  the  instrument  is  generally 
arranged  to  read  cubic  feet  or  pounds.  Meters  of  different  types 
have  very  different  degrees  of  accuracy  and  even  those  of  the  same 
make  and  type  often  vary  considerably  among  themselves  and  differ 
from  time  to  time.  Where  great  accuracy  is  required  this  method 
is  only  permissible  when  all  precautions  have  been  taken  to  deter- 
mine the  accuracy  and  constancy  of  the  meter,  or  other  vessel  used 
to  obtain  volumes. 

V.  Measurement  by  determining  the  average  velocity  of  flow  in 
a  channel  or  pipe  of  known  cross  section.  This  method  is  essen- 
tially inferential  because  it  is  impossible  to  obtain  the  velocity  of  all 
the  material  flowing,  measurements  being  taken  at  different  points 
in  the  section  and  averaged.  It  is  often  the  only  possible  method,  as 
in  the  measurement  of  the  flow  of  large  rivers,  and  for  such  work  it 
must  be  considered  satisfactory.  The  devices  used  for  determining 
the  velocity  are  floats,  tachometers,  Pitot  tubes,  hydrometric  pen- 
dulums, current  meters,  etc. 

I.  MEASUREMENT  BY  WfilGfflNG. 

188.  Methods  Used.  —  As  ahready  pointed  out,  weighing  on  cali- 
brated scales  is  the  most  accurate  method  known  for  determining 
quantity  of  water.  Its  application  is  frequently  limited  by  the 
failure  of  sufficient  scale  capacity.  Where  the  quantities  are  greater 
than  can  be  handled  by  the  scales  directly,  recourse  may  be  had  to  au 


3S8  EXPERIMENTAL  ENGINEERING 

indirect  method  of  weighing  by  means  of  calibrated  tanks.  Sudi 
tanks,  besides  having  ilie  usual  outlet  in  or  near  the  bottom,  should!* 
furnished  with  an  overflow  pipe  near  the  top  to  insure  that  the  top 
level  shall  in  all  cases  come  the  same.  The  best  way  to  construct 
such  an  overflow  pipe  is  to  put  the  pipe  through  the  walls  of  the  tankJ 
reaching  to  about  the  center,  and  to  place  an  elbow  on  the  end,  whidu 
of  course  should  turn  up.  This  method  of  construction  will  miA 
the  top  level  come  to  the  same  height  very  quickly  in  all  cases.  B« 
fore  use,  the  tanks  are  calibrated  by  weighing  mto  tixcm  small*! 
quantities  of  water  until  they  are  filled  to  the  top  level.  This  methoa 
is  to  be  preferred  to  computing  capacity  by  the  dimensions.  During 
use  it  is  then  merely  necessary  to  keep  a  record  of  the  number  m 
times  each  tank  is  filled  and  emptied.  Since  this  method  is  fundaJ 
mentally  one  of  measurement  by  volume  displacement  it  becoiui 
necessary  to  record  the  temperature  of  the  water  used  for  calibnuoa' 
and  of  that  used  during  a  test,  in  order  to  make  the  necessary  conw^ 
tions  for  change  of  weight  per  unit  volume  should  the  two  tempem 
tures  not  be  the  same.  I 

In  computing  the  size  and  number  of  tanks  required  to  han« 
any  given  flow  of  water,  we  must  consider  the  capacity  of  the  supra 
main  and  the  shape,  location,  and  size  of  the  oudet  opening.  "nJ 
supply  main  capacity,  together  with  the  size  of  the  tank,  deterraii* 
the  time  required  for  filling,  while  the  time  of  emptying  depeoi 
upon  the  size  of  the  tank  and  the  conditions  at  the  outlet. 

The  usual  proceeding  is  lo  fix  upon  the  approximate  size  of  ll 
tank,  since  that  is  often  determined  by  questions  of  room,  of  nua 
facturing  facilities,  etc.,  and  then  to  determine  the  necessarj-  nairil 
of  them  by  considering  inlet  and  ouUet  condidons.  In  some  C3) 
of  preparing  for  a  test,  Unks  will  be  already  on  hand,  and  it  tk 
merely  becomes  a  question  of  deciding  whether  they  are  large  enot^ 

The  question  of  determining  the  necessary  size  of  supply  a 
for  a  given  desired  capacity  will  be  taken  up  in  Art.  218,  The  ti 
allowance  (for  weighing,  opening,  and  closing  valves,  etc.)  i 
should  be  made  over  and  above  the  actual  time  required  for  fiU 
from  a  given  main,  depends  altogether  upon  the  kind  of  t?nt  imI 
lation,  quality  of  help  employed,  etc.,  and  its  estimatior 
left  to  the  engineer.    It  might,  however,  be  stated  that  it  i 
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allytiie  filling  but'  the  emptying  operation  in  which  trouble  may  be 
encountered  where  large  quantities  of  water  are.  concerned. 

The  time  of  emptying  any  prismatic  tank  (usual  case)  may  be 
computed  from  the  formula: 

r  =  ?A(vS^^  seconds,  (i) 

This  applies  to  cases  whare  the  outlet  is  in  the  bottom,  but  can 
be  applied  with  sufficient  accuracy  for  approximate  estimation  in 
other  cases, 
i  =  the  uniform  cross  section  of  the  tank  in  square  feet. 
yi==  water  level  at  the  beginning,  and  y,  =  water  level  at  the  end 
of  the  emptying  operation.     Both  distances  are  measured 
in  feet  above  a  certain  datum  line,  taken  at  the  center  of 
the  oudet  orifice,  if  that  should  be  located  in  the  side,  or 
at  the  bottom  of  the  tank  if  the  outlet  is  located  In  the 
bottom.    In  any  practical  case  the  tank  is  usually  emptied 
as  completely  as  the  location  of  the  orifice  permits,  in 
which  case  3^3  =  0. 
C  «  the  coefficient  of  discharge  of  the  outlet  orifice. 
F  =  the  area  of  the  orifice  in  square  feet,  and 

The  only  factor  in  the  above  equation  requiring  judgment  in 
assuming  it  properly  is  the  coefficient  C.     Its  value  can  be  affected 
t  a  multiplicity  of  ways.     Usually  there  will  be  a  short  nipple  lead- 
Higout  of  the  tank,  the  oudet  being  controlled  by  a  globe  or  gate 
valve.    The  nipple  may  be  flush  with  the  walls  of  the  tank  or  pro- 
ject to  a  certain  extent.     Type  of  valve,  length  of  pipe,  and  inside 
projection  are  all  factors  which  affect  C.     Its  value  may  be  anything 
from  about  .55  to  .97  or  .98,  depending  mainly  upon  conditions  at 
^entrance.     For  details  see  Art.  191.     In  general,  a  well-rounded 
(bdl-mouth)  orifice,  flush  with  the  inside  walls  and  with  a  short 
tube  leading  to  the  valve,  gives  the  most  favorable  conditions,     k 
certain  reduction,  upon  which  there  is,  however,  no  definite  data, 
sbould  be  made  for  the  coefficient  C  that  would  normally  apply  to 
»  given  orifice  for  the  effect  due  to  valves.     A  gate  valve  is  in  this 
^pect  preferable  to  a  globe  valve,  as  it  offers  much  less  resistance 
0  the  flow. 


36o 


Allowing  the  outlet  pipe  to  project  berond  die  asaide  vaSi  2  :^ 
tank  causes  a  decrease  in  the  value  of  C.  SoosecizB 
esperiaily  in  the  use  of  calibraied  tanks,  it  b  iaand 
locale  the  lower  level  quicidy  or  very  acniranrfT,  azad  it  viil  be 
that  an  elbow  secured  to  the  inner  end  of  the  oorlct  pcpe.  and 
either  up  or  down,  helps  matters  in  this  respect  verr  mry^  Of 
the  value  of  C  experiences  a  still  further  decrease  by  ^^  pcoceeda^ 
The  arrangem^^fU  of  tanks  of  course  varies  vidi  the  aauSsaaosd 
ase.  For  the  ^^per ific  case  of  boiler  supply  it  wiE  in  ^v^^  be  fon^ 
bent  to  have  the  weighing  or  calibrated  tauks  dsscharge  iniD  a  tnk 

on  a  lowtf  leveL  &Dm  which  the  fad 

pump  draws.    A  coavenient  amngemcat 

for  more  than  two  tanks  is  to  place  them  in 

an  arc  of  a  circle  arDand  the  sappiv  pipe 

and  to  have  a  sin^  swing  pipe  whidi 

can  be  brought  over  each  tank  in  toiXL 

For  small  work  a  convenient  form  of 

calibrated  tank  used  at  SiUer  G)Ikge 

is  illustrated  in  Fig.  269.     The  romid 

tank  is  divided  by  a  partition  which  has 

an  overflow  notch  near  the  top.     As  oot 

.side  tills  the  other  side  is  emptied  and 

^'''  ^^'^>-  the  valve  on  that  side  closed.    IJlTien  the 

ovfrfflow  licginh,  the  swing  supply  pipe  is  shifted  to  the  empty  side, 

x\rt\f:  i-i  given  for  the  overflow  to  cease,  and  the  first  side  can  then 

\ft  em[jt.ied  and  marie  ready. 

r8g.  Sources  of  Error  in  Weighing.  —  For  accurate  work  the 
Sif.ale^  should  Ix:  calibrated.  All  valves,  connections,  and  vessds 
shoulrl  \n:  free  from  leaks  on  the  delivery  side,  as  a  considerable 
quantity  of  liquid  can  escai>e  from  what  seems  to  be  an  insignificant 

P^va[x>ration  sometimes  causes  errors  of  considerable  magnitude. 
With  water  at  ordinary  tcmf>eratures  it  may  be  ne^ected,  but  at  a 
temjKTature  aUjve  i.^o'F.  it  is  best  to  keep  all  vessels  covered. 
S'^me  of  the  oil:^  and  alcohol  mav  cause  trouble  in  this  wav  at  ordi- 
nary  tem[>craturcs  and  this  possible  source  of  error  should  always 
\az  recognizerl  and  guarded  against  when  necessary* 
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n.  MEASUREMENT  BY  USE  OF  ORIFICES. 

The  general  term  "  orifices  "  is  in  this  case  intended  to  cover  sub- 
-  TKnerged  orifices,  nozzles,  weirs,  and  Venturi  tubes. 

190.  Submerged  Orifices.  —  These  orifices  are  in  nearly  all  cases 
J.  circular  in  cross  section,  and  circular  orifices  will  be  the  only  ones 
here  considered. 

In  the  flow  of  water  or  other  liquids  the  particles  are  urged  on- 
-  ward  by  gravity,  or  an  equivalent  force,  and  move  with  the  same 

velocity  as  bodies  falling  through 
~  "  a  height  equal  to  the  head  of  liquid 
exerting  the  pressure.  If  this  head 
m  feet  be  represented  by  A,  Fig. 
270,  and  the  corresponding  veloc- 
ity in  feet  per  second  by  F,  we 
have,  neglecting  friction  losses, 

V  =  VTJh.  (2) 

If  we  denote  the  area  in  square 
feet  of  the  discharge  orifice  by 
F,  the  quantity  discharged  in  cu- 
bic feet  per  second  by  Q,  then, 
theoretically, 

Q  ^  VF  =  F  V2~gh.      (3)  Fig.  270. 

It  is  found,  however,  in  the  actual  discharge  of  liquid,  that,  except 
in  rare  cases:  i.  the  actual  velocity  of  discharge  is  less  than  the 
theoretical;  2.  the  area  of  the  stream  discharged  is  different  from 
the  area  of  the  orifice  through  which  it  passes  (/different  from  F). 
These  losses  are  corrected  by  introducing  coefficients.  The  coefficient 
of  velocity  is  the  ratio  of  the  actual  to  the  theoretical  velocity,  and  is 
represented  by  C».  The  coefficient  of  contraction  is  the  ratio  of  the 
least  area  of  cross  section  of  the  discharged  stream  to  the  area  of 
orifice  of  discharge,  and  is  denoted  by  Cc-  The  coefficient  of  efflux 
or  discharge  is  the  product  of  these  two  quantities,  and  is  represented 
by  C.  The  theoretical  velocity  V  is  attained  most  nearly  at  the 
minimum  section  of  the  stream  in  contact  with  air  and  the  formulas 
•  are  based  upon  the  assumption  that  the  maximum  velocity  is  at- 
tained in   this  section.     Hence  the   necessity  of  the   contraction 
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coefficient.     The  coefficient  of  veiodnr  is 
Hinooth  orifice  and  becooies  of  Importaiice  nakw 
fiow?i  for  a  considerable  distance  aver  zoa^ 

The  actual  discharge,  then,  becomes 

Qa^  CQ  -^  CVP  =  CP  vT^  CO.  fL  per  s 

If  /«  denotes  the  actual  velocity  of  discharge,  ire  shall  ^ 

The  coeflif  lent  C,  may  be  determined  by  eiperfmmt;  i  is  aarj 
constant  for  different  heads  with  well4ornied  simple  orincesu. 

iQi.  Value  of  the  Cneffirimt  C. — In  practice  it  becomes  neccsair 
to  determine  the  coefficient  C  by  actual  experiment,  ttwI^mm,  ^  sazcar: 
caiibrateri  orifice  is  available,  according  to  which  ^uwMtt^r  ujt  zsd 
c2Ln  be  mai^ie.  For  accurate  work  it  is  doabcfol  if  even  :his  zr> 
ceeriing  is  justified  on  account  of  the  difficulty  of  dnplicarioa,  VTzeat 
the  hear!  unrier  which  the  flow  takes  place  varks  widely,  ir  ferric 
becomes  necessary  to  determine  C  for  various  values  of  A,  as  ±e 
constant  may  vary  slighdy  with  the  head  for  the  same  orifice. 

;\n  already  pointed  out,  C  for  various  orifices  varies  over  a  laibff 
wide  range,  depending  mainly  upon  conditions  at  qirnmre.  Tie 
following  figures  show  what  values  may  be  expected  under  rie 

different   conditkms   likelv   to  be  tzi- 


I 
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countered. 

The  constants  for  the  orifice  in  iin 
plates  Cunder  a)  are  those  compQec  ij 
F.  Van  Winkle  in  an  article  in  Prier.^ 
while  those  under  (A)  are  taken  froni 
Hiitte  and  are  originally  due  to  Weis- 
bach. 

id)  Orifices  in  thin  plates,  sharp 
edges. 

By  this  is  meant  either  an  orifice  in  a 
thin  plate,  or.  if  the  wall  is  thicker,  thai 
the  inner  edges  are  so  sharpened  that 
no  other  part  of  the  wall  interferes  in 
the  stream  filaments  T^ee  Fig.  271).  This  is  probably  the  best^ 
tyf>e  of  standard  orifir:e  for  water  as  long  as  the  edg^  are  unim- 

*  Pander,  Aug.  25,  1908. 
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paired,  because  any'wall  effect  is  eliminated.  The  constants  in  the 
following  tables  apply  to  cases  where  there  is  complete  contraction, 
and  they  may  also  be  used  for  orifices  in  the  bottom  of  vessels. 

COEFFICIENTS   OF   DISCHARGE   FOR   ROUND   VERTICAL   ORIFICES 

IN  THIN  PLATE. 


Head  in 

Diameter  of  Orifice  in  Feet". 

Fett. 

0. 03 

0.04 

0.07 

0.  zo 

0.  a 

0.6 

z.o 

0.6 

0.65 

0.63 

0.62 

0.61 

0.60 

0.8 

0.65     . 

0.63 

0.62 

0.61 

0.60 

0.59 

I.O 

0.64 

0.62 

0.61 

0.61 

0.60 

059 

2.0 

0.63 

0.61 

0.61 

0.60 

0.60 

0.60 

0.60 

4.0 

0.62 

0.61 

0.60 

0.60 

0.60 

0.60 

0.60 

6.0 

0.63 

0.61  ' 

0.60 

0.60 

'  0.60 

0.60 

0.60 

20.0 

0.60 

0.60 

0.60 

0.60 

0.60 

0.60 

0.59 

100. 0 

0.59 

0.59 

0.59 

0.59 

0.59 

0.59 

0.59 

COEFTICIENTS   OF  DISCHARGE  FOR   SQUARE  VERTICAL  OPENINGS 

IN  THIN   PLATE. 


Head  in 

Side  of  Square  in  Feet. 

- 

Feet. 

* 

0.  oa 

0.04 

0.07 

0.  I 

0.  2 

0.6 

1 . 0 

0.6 

0.66 

0.64 

0.62 

0.62 

0.61 

0.8 

0.65 

0.63 

0.62 

0.62 

0.61 

0.60 

1.0 

0.65 

0.63 

6.62 

0.61 

0.61 

0.60 

0.60 

2,0 

0.64 

0.62 

9.61 

0.61 

0.61 

0.60 

0.60 

4-0 

0.63 

0.61 

0.61 

0.61 

0.61 

0.60 

0.60 

6.0 

0.62 

0.61 

0.61 

0.61 

0.60 

0.60 

0.60 

20.0 

0.61 

0.60 

0.60 

0.60 

0.60 

0.60 

0.60 

lOO.O 

0.60 

0.60 

0.60 

0.60 

0.60 

0.60 

0.60 

COEFFICIENTS    OF  DISCHARGE   FOR   RECTANGULAR   VERTICAL 
ORIFICES  ONE   FOOT  WIDE   IN   THIN  PLATE. 


Head  in 

1 

- 

Depth  of  Orifice  in  Feel 

*  • 

Feet. 

■^ 

0.  125 

0.  35 

0.  so 

0.  75 

1 . 0 

1.5 

2 . 0 

0.6 

0.63 

0.63 

0.62 

0.61 

0.8 

0.63 

0.63 

0.62 

0.61 

0.61 

1.0 

0.63 

0,63 

-   0.62 

0.61 

0.61 

0.63 

2.0 

0.63 

0.63 

0.62 

0.61 

0.61 

0.62 

0.63 

40 

0-62 

0.62 

.o.6i 

0.61 

0.61 

0.61 

0.62 

6.0 

0.62 

0.62 

a.  61 

0.60 

0.60 

0.61 

0.61 

10. 0 

0.61 

0.60 

0.60 

0.60 

0.60 

0.60 

0.60 

. 

0.60 

0.60 

0.60 

0.60 
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(6)  External  mouthpieces  or  ajutages,  perpendicular  to  walli).  Area 
F  in  formula  always  thatcoirespondiag  to  diameter  c^  in  the  figures 


+3 


1 
Fio.  271.  Fic.  373. 

Shape  of  Fig.  272: 

Angle  9 
Edge  a  strongly 

chamfered,  C  -  .97     .95    ,92 

Ekige  a  sharp,        C  =-  .83     .94    .93 
Shape  of  Fig.  273: 

l^  I 
Edge  a  sharp,  C  —  ,81 
Edge  a  slightly 

rounded,  I  =  ^d,    C  -■  ,90. 

Edge  a  strongly  rounded  (bell  mouth), 
I  ~  ^d,    C  -  .97. 
Shape  of  Fig.  272,  except  that  flow  is  in  opposite  direction: 
Angle  S  =    0°      22^"     45°      67^"    90° 

C  =  .54       .55       -58       .60       .63  (/ 


5}°    lli°    22i°    45°    67^°    90° 


■75     -68    .63  (/ 
(/  = 


2-3 


-j4 


-ii 


Fic.  274. 


Shape  of  Fig.  274  (bell-mouth  orifice) :  For  I  =  .6  d,  C  =  .g6  —  u 

depending  upon  smoothness  of  walls. 
Shape  of  Fig.  275:   Depending  upon  length  of  piece  and  v 

efflux,  C  may  be  from  .96  to  1.5,  referred  to  smallest  cross : 
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192.  Method  of  Calibrating  an  Orifice.  —  The  methcxi  of  deter- 

ing  the  constant  C  is  a  very  simple  operation.     Means  must  be 

vided  for  weighing  the  liquid,  while  the  rest  of  the  work  consists 

incipally  of  determining  the  head  h.    The  orifice  must  be  care- 

i^fuUy  measured  in  order  to  determine  F  accurately.     Runs  should  be 

made  under  various  heads,  and  curves  drawn  between  coeflScient  C 

t^rand  head  A,  to  properly  exhibit  the  relation. 
Since  accurate  scales  are  a  necessity  for  calibration,  the  ques- 
I  tion  sometimes  arises  as  to  whether  it  would  not  be  better  to 
>r  use  scales  throughout  and  to  discard  the  orifice.     The  advantages 
of  the  use  of  an  orifice  over  weighing  are,  however,  manifold.     An 
orifice,  when  properly  cared  for,  needs  to  be  calibrated  only  once, 
-  And  the  relation  of  constant  C  to  head  h  can  be  used  with  con- 
fidence at   any  time   thereafter.    The  labor  involved  in  making 
measurements  is  much  less  than  with  weighing,  since  only  one 
x^eading,   that  of  the  head,  is  required   for  each  determination. 
Further,  it  is  much  easier  to  transport  an  orifice  from  place  to 
place  than  it   is  to  handle  scales   or  meters.     Finally,  there  is 
the  possibility,  by  duplicating  orifices  and  operating  them  in  par- 
aJIel,  of  measuring  quantities  of  liquid  far  beyond  ordinary  scale 
capacity. 

Regarding  the  latter  point,  care  should  be  had  to  note  that  the 
several  orifices  are  not  too  close  together,  since  they  may  influence 
one  another.  The  head  over  an  orifice  should  be  such  that  the  sur- 
face of  the  water  is  not  aflFected  by  the  flow  and  there  should  be  room 
around  each  orifice  equivalent  to  at  least  the  square  of  ten  times 
the  orifice  diameter  to  prevent  mutual  interference. 

The  head  on  an  orifice  is  measured  to  the  center  of  the  section  of 
least  area  of  orifice-  The  head  h  is  always  expressed  in  feet,  since 
g  in  formula  (4)  is  in  feet  It  may  be  measured  directly,  or,  where 
the  heads  are  high,  it  may  be  determined  by  means  of  a  gauge  or 
other  manometer.  In  the  latter  case,  pounds  pressure  per  square 
inch  or  inches  of  mercury  must  be  transposed  to  equivalent  head 
in  feet  of  water  for  substituting  in  the  formula.  For  quick  con- 
version, the  following  table  may  be  of  serv^ice: 
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TABLE   SHOWING   RELATION    BETWEEN   PRESSURE   EXPRESSED 
POUNDS,   AND   THAT  EXPRESSED    IN   INCHES   OF  MERCURY 

OR   FEET   OF   WATER. 


j^^p 

Pound,  p^r 

Sq.  Id. 

lachB  of  Met- 
eury. 

F«t  of  Water. 

lochai  of  Water. 

\ 

9-0378 
4.0756 

' 

IZ 

37 

68 
36 

3 

6.1134 

911 

I 

,...168 

9 

=3 

5; 

?^ 

7» 

08 

I 

14.2646 
16.3024 

18 

li 

>93 

76 

9 

18.340. 
3o.378r 

23 

°7 

',% 

80 

Where  any  other  liquid  than  water  is  concerned,  and  h  is  measuni 
directly,  equation  (4)  will  give  the  correct  result  in  cubic  feetdi 
charged  per  second.  To  convert  this  into  weight  requires  a  knorf* 
idge  of  the  specific  gravity  of  the  liquid  at  the  temperature  of  Idt 
When  the  head  is  measured  by  means  of  a  pressure  gauge,  Ihe  hiat 
k  lobe  used  in  the  formiUa  must  be  the  height  in  feel  0/  a  column  1 
the  liquid  concerned  which  will  exert  ihe  pressure  per  square  iM 
shown  by  tlte  gauge. 

Most  liquids  other  than  water  change  specific  gravity  (weight  pi 
cubic  foot)  considerably  with  temperature,  so  that  the  influence  8 
the  temperature  factor  cannot  always  be  left  out  of  account.  EW 
the  specific  gravity  of  water,  contrary  to  a  general  assumption,  vjiii 
enough  to  cause  considerable  error  in  some  cases  if  tempeiatW 
differences  are  neglected. 

Thus,  water  at  40  degrees  weighs  62,42  pounds  per  cubic  foot;i 
150  degrees  its  weight  has  decreased  to  61.18  pounds  per  cubic  fo 
(See  Kent,  p.  688.) 

193.    Use  of  Orifices  for  Measuring  Continuous  Flow.  — ^  In  pn 
tical  work,  orifices  are  not  as  much  used  for  measuring  cc*'""* 
flow  as  the  simplicity  of  the  method  would  seem  to  warrai 
reason  probably  is  that  in  one  respect  at  least  thb  simplicity 
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than  real,  that  is,  with  reference  to  determiniog  the  head  h. 
iy  varying  rates  of  flow  the  determination  of  the  aver&ge 

vS  is  not  easy,  unless  a  device  recording  the  variations 
usly  be  employed.    This  fact  at  once  restricts  the  use  of 
od  to  cases  in  which 
irly  constant.     The 
jrangement  of  baffle 
>    obtain  still  water 
the  orifice  is  impor- 
«e  Fig.  276.) 
is  a  method  of  orifice 
nent,  due  to  Brauer,* 
'oids  the  necessity  of 
le  head  h,  and  which 
le  of  bemg  used  for 
pacities  and  varying 

flow.    Suppose  that 
il  is  fitted  with  two 


O 


±1 


±. 


f  exactly  the  same  proportions  but  of  different  diameters, 
le  quantities  of  water  flowing  will  be  directly  in  the 
the  areas  of  the  two  openings.  This  assumes  that  the 
C  is  the  same  for  the  two  orifices  for  the  same  heads, 
true  within  the  other  errors  of,  measurement.  It  then 
necessary  merely  to  weigh  or  otherwise  determine  the 
of  liquid  flowing  through  the  smaH  opening,  when  the 
flowing  through  the  other  is  found  by  simply  multiply- 
iie  ratio  of  the  areas.  This  scheme  is  capable  of  easy 
a  of  capacity  by  Using  several  large  orifices  in  parallel,  the 
of  liquid  subject  to  actual  weighing  remaining  the  same  in 
The  accuracy  of  the  scheme  depends  direcdy  upon  the 
i  accuracy  with  which  the  diameter  of  the  small  orifice  is 
ed.  The  error  made  here  can  easily  exceed  allowable  limits. 
the  small  orifice  is  called  .25  inch  in  diameter  and  is  really 
nch,  the  area  of  the  small  orifice  will  be  brought  into  the  com- 
about  8  per  cent  too  large,  making  the  multiplier  to  obtain 
tity  flowing  from  the  orifice  too  small  by  about  the  same 
•  Zeitschrifl  du  Vereins  deubchet  Ingenieure,  189a,  p.  1493. 
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percentage.  Errors  of  this  magnitude  are  not  usually  permissihlBj 
and  the  computation  points  out  the  necessity  of  accurately  deter* 
mining  the  diameter  of  the  small  orifice. 

194.  Measurement  by  Means  of  Nozzles.  —  The  term 
usually  refers  to  a  conically  convergent  mouthpiece  of  the  type  shon 
in  Fig.  272,  screwed  to  the  end  of  a  hose  or  pipe.  In  the  majorily 
of  cases,  however,  the  length  of  the  nozzle  b  greater  than  two  to  thne 
times  the  smallest  diameter,  for  which  proportions  the  constants  ac- 
companying Fig.  272  are  given.  In  other  cases  the  nozzle  may  come 
within  these  proportions,  and  even  an  orifice  in  thin  plate,  whea 
fastened  by  means  of  a  cap  to  the  end  of  a  pipe,  is  commonly  termed 
nozzle.  From  the  foregoing  it  will  be  seen  that  the  quantity  of 
liquid  discharged  by  a  nozzle  can  be  computed  by  equation  (4); 

that  is,  , 

<3  =  CF  s/ljh.  (6) 

The  area  F  is  the  smallest  cross  section  of  the  nozzle,  in  the  oidi- 
nar)'  type  located  at  the  extreme  end.    The  head  A  is  determmed  bf 

a  pressure  gauge,  the  read- 
ing of  the  gauge  being  le- 
duced  to  feet  Note  that 
the  head  must  be  meas- 
ured to  the  level  of  the 
smallest  cross  section  of 
the  nozzle.  Thus,  in  Fig. 
277  a,  the  distance  A'  is  to 
be  added  to  the  head 
shown  by  the  gauge,  while 
in  Fig.  2776,  the  dbtance 
h!  should  be  subtracted  to 
get  the  true  head. 
The  coefficient  of  discharge  C  is  again  the  product  of  the  velocity 
coefficient  C„  and  the  contraction  coefficient  Cc.  In  nozzles  of  some 
length  as  compared  with  the  diameter  at  the  end,  the  constant  is 
likely  to  be  considerably  affected  by  the  conditions  of  the  walls. 
Since  the  constant  also  varies  considerably  with  the  angle  of  con- 
vergence, no  general  figures  for  the  constant  for  such  nozzles  can  be 
given  and  the  only  accurate  method  is  to  calibrate.    The  general 


r 


7)-^- 


— t^ 


Fig.  277. 
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ins  given  on  page  365  for  calibrating  an  orifice  also  apply  in 
>e. 
The  Venturi  Tube  or  Venturi  Meter  for  Measuring  Water  or 

Liquid.  —  The  Venturi  tube  is  in  principle  nothing  but  an 
placed  in  a  pipe  and  through  which  the  liquid  to  be  measured 
id.  The  contracted  passage  increases  the  velocity  of  the  liquid 
Luses  a  pressure  loss,  converted  into  velocity.  This  pressure 
ay  be  measured,  and  since  it  is  a  function  of  the  velocity,  we 
abled  to  compute  velocity  and  thus  to  compute  the  rate  of  flow 
jh  the  pipe. 

5  Venturi  tube  as  now  built  is  shown  in  cross  section  in  Fig.  278. 
sists  in  reality  of  two  convergent  nozzles  placed  end  to  end  with 
mailer  ends  joined, 
end  through  which 
ater  enters  is  usually 
I    the    "upstream 

the  other  is  desig-  r.        o      xr  ov, 

^-  ,  Fig.  278.  —  Venturi  Tube. 

the      downstream 

while  the  section  of  smallest  diameter  is  known  as  the 
>at."  For  measuring  water  it  is  desirable  to  have  the  throat 
of  such  a  size  that  the  velocity  through  it  shall  be  between  the 

of  15  and  35  feet  per  second.  The  upstream  end  and  the 
t  section  are  surrounded  by  pressure  chambers,  with  which  the 
:tive  sections  communicate  by  means  of  a  number  of  small 
ngs,  as  shown.  Gauges  or  other  manometers  connected  to 
chambers  will  then  indicate  the  pressure  heads  at  the  sections, 
connecting  the  chambers  to  the  two  ends  of  a  U-tube  manom- 
the  reading  of  the  latter  will  indicate  the  loss  of  pressure  head 
«n  the  upstream  section  and  the  throat, 
e  equation  for  the  tube  is  best  developed  on  the  basis  of  Ber- 
i's  theorem,  which  states  that  the  total  energy  of  a  steadily  flow- 
ream  remains  constant  except  for  friction  losses. 
Fig.  279,  let  the  pressure  heads  shown  by  the  manometers  at  the 
nd  downstream  section  be  H^  and  if,,  above  a  certain  hori- 
I  plane,  as  indicated.  The  downstream  section  is  usually 
equal  to  that  upstream,  so  that  if,  will  only  differ  from  Hi  by 
iction  in  passing  through  the  tube,  assuming  the  latter  hori- 
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zonrai.     The  pressure  ax  the  ±inax  nsakj  be  aaji^ng.  dcj 
mainly  ipon  riie  relation  bctwetti  die  gp&craiTTi-  and  throat 
If  »^-.itive.  it  will  be  reoresenced  bv  jome  iiwcsKire  head  if,:  if i 
rive    ■hat  :>.,  if  a  vacuum; .  it  will  iuscain. a  warer owuzia  i^   In' 
case  rhe  value  of  H^  becomes  H^  k^,  in.  "^feicir  H  is  measnli 
•:hown  !n  Fig.  279. 

I^t  the  velocity  in  feet  per  aecood  upstrram  be  T,,  'j^a:  at 
throat  be  P'j,  then  according  to  the  tlieotcni  cited,  cqua 


Dutum  Plane 
Fig.  279. 

energifr^,  ac  can  \vrite  for  the  upstream  and  thioat  sections,  assu 
in^  thf:  ixiUz  horizontal,  and  the  datum  plane  to  coincide  with  t 
axi.-.  of  th»:  tuU:.  5<j  that  ff  =  o. 


\\^ 


+  Hf. 


P 

In  this  equation  —  represents  the  velocity  head  equivalent  h 

velocitv   r,  while  ///  is  the  head  lost  bv  friction  between  the 
rtrf:am  and  throat  sections.     Note  that  all  terms  of  the  equation 
cjcpresred  in  feet,  and  that  if  the  pressure  heads  are  measured  cit 
oy  gauge  or  by  mercury  manometer  the  readings  must  be  redu 
?r,  feet  of  water. 

fff:rs<;hel,  in  his  exj:>eriments,  showed  that  the  loss  of  head  H/, 
ro  frif.tifjn,  is  very  small  in  a  properly  made  tube,  and  can  be  ta 
care  of  in  the  final  formula  by  a  coefficient.    For  the  present,  th 
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e,  Hf  can  be  ne^ected.  Further,  if  F«  —  the  area  in  square 
Hfcet  of  the  upstream  section,  and  Ft  the  area  of  the  throat  section, 
^  "Wc  must  have 

|r  F.  \\  =  F,  K,, 

*^'£rx)m  which 

r  =— T 


F 


Substituting  this  in  equation  (7)  and  neglecting  H/,  we  have 

la! 

or,  solving  for  the  throat  velocity,  • 


^■^(^"■y-ri-"'^ 


^'»  °"  y/pi'-  F*  ^^  ^  (^'   ~  ■^'^  ^*-  P®'  ^• 


(8) 


Equation  (8) 'is  then  modified  by  a  coefficient  (C7)  to  adapt  it  to 
actual  conditions. 

The  flow  through  the  pipe  may  then  be  directly  computed  from 

In  practice  the  pressure  pipes  leading  from  the  two  pressure 
chambers  are  connected  to  the  two  legs  of  a  manometer,  thus  de- 
termining (H|  —  Hj)  direcdy.  Note  that  the  measuring  liquid  in 
the  manometer  must  be  heavier  than  water.  Mercur\'  is  the  liquid 
best  adapted,  but  where  small-pressure  differences  must  be  deter- 
mined, either  some  multiplying  form  of  manometer  must  be  used,  or 
a  liquid  only  a  little  heavier  than  water,  but  which  will  not  mix  with 
water,  can  be  employed.  Note  also  that  the  connections  leading  to 
the  manometer  must  be  free  from  trapped  air. 

Herschel's  experiments  to  determine  the  constant  C  gave  values 
var>'ing  from  .94  to  1.04.  Out  of  fifty-five  experiments,  only  four 
gave  a  value  greater  than  i.oi,  and  only  two  a  value  less  than  .96. 
The  tube  experimented  with  had  an  upstream  diameter  of  close  to  i 
foot,  while  the  throat  diameter  was  close  to  4  inches.  It  seems  from 
this  that  for  ordinary  work  the  coefficient  C  may  be  taken  =  i.o. 
For  more  accurate  work,  of  course,  the  tube  requires  calibration. 
The  tube  diameters  should  be  carefully  measured,  as  errors  made 
with  regard  to  them  affect  the  result  in  the  square. 
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C  =  i.cc  exacdy  if  ^  Hi  -  H^  b  deducted  from  {H^  -  U^i.so 
arxounting  tor  the  fnctioa  head  Hf  between  iqistream  and  thnut 
secLoas. 

Thir:  form  of  merer  Ls  verv  sadstactDrv  and  can  be  built  to  macr 
commcrciai  size  of  pipe.  It  ia  not  subject  to  appreciable  wearaad 
cannot  be  ea^^ilv  damaged  by  any  foreign  substances  carried  by  ik 
liquid. 

For  be-,t  result?  the  liquid  must  be  free  from  mechanicallj  c&> 
trained  ga.-i  and  must  have  fairly  constant  temperatures.  It  k 
fx)--riible  to  meter  the  liquids  at  xidely  differing  temperatures  bj 
making  allo^vvance  for  changes  in  size  of  meter  and  density  of  liquii 
For  comparatively  brief  tests  and  where  the  flow  does  notdffiff 
widelv.  the  difference  f  H,  —  H^^  mav  be  noted  at  stated  xntcrvak 
Where  the  pressure  differences  varj-  considerably  it  will  be  more 
accurate  to  tind  the  average  of  the  square  roots  of  (H^  —  K^  than 
to  tind  the  --quare  root  of  the  average  difference. 

ig6.  The  Flow  of  Water  over  Weirs.  —  A  weir,  or  weir  notch,  is 
primarily  a  dam  or  obstruction  over  which  the  water  (or  other  liquid) 
ia  made  to  pass.  The  head  of  -water  producing  the  flow  is  the  verti- 
cal distance  to  the  surface  of  still  water  from  the  center  of  pressure 
of  the  i.-.nuing  stream.  The  flepih  of  n'aler  over  the  weir  is  measured 
vertically  from  the  .surface  of  still  water  upstream  to  the  level  of  the 
bottom  or  -jill  of  the  notch.     It  should  be  noted  that  thi<;  depth  is 

usuall  V  referred  to  as  the  head  on  the 
weir  and  is  the  factor  generalfy  de- 
signated by  A  or  Jf  in  most  wtir 
formulas. 

Rectangular  Weir.  Theoreikd 
Equation.  — Any  small  particle  of 
water  at  a  distance  y^  Fig.  280, 
below  the  surface  of  the  stream  has 


Fig.  2S0. 


imparterl  to  it  a  velocity  V  =  v  2gy,  This  is  the  velocity  possessed 
hy  the  narrow  venical  plane  of  height  dy  and  of  length  6,  where  h  is 
the  V.  idth  of  the  weir  notch.     Hence  the  volume  of  water  discharged 

through  the  infmite^imal  orifice  Wv  will  be 


Q  =  hdy  V  =  bdy  \^2gy. 


(10) 


MEASUREMENT  OF  UQUIDS,  GASES,  AND  VAPORS      373 


Qtegrating  between  the  limits  y  =  o  and  y  =«  A,  we  will  have 

►Jo  ^^y  ^  f  *  v^2^A'  cu.  ft.  per  sec. 


2^. 


(II) 


(*7ote  that  in  equation  (11)  b  and  h  must  be  measured  in  feet. 
Now  it  has  been  found  that,  due  to  various  causes,  the  actual 
lantity  of  water  discharged  by  a  weir  of  given  proportions  is  less 
An  that  found  by  equation  (11).     Hence  the  introduction  of  a 
)efiBcient  Cy  and  the  practical  form  of  the  equation  is  then 

Q  ^  \Ch  V2  gh^  cu.  ft.  per  sec.  (12) 

This  coefficient  for  small  and  accurate  work  should  always  be 
letcrmined  by  calibration,  but  for  larger  work  this  proves  in  many 
ases  impossible,  and  it  will  then  have  to  be  assumed  upon  the  basis 
•f  other  experiments.  This  makes  it  important  to  look  into  the 
auses  influencing  the  value  of  C      — r j 


H 


Fig.  281. 


The  causes  operating  to  make  C 
jss  than  unity  are  primarily  the 
}llowing: 

The  depth  of  water  (y)  over  the 
rest  is  less  than  the  head  h,  meas- 
led  to  still  water,  see  Fig.  281. 

Contraction  also  takes  place  on 
he  under  side  of  the  stream  at  a,  if  the  stream  is  free  (aired)  under- 
ttth.  If  weir  measurements  are  to  be  accurate  and  consistent, 
are  should  alwa)rs  be  taken  to  see  that  the  stream  is  free  under- 
leath  after  passing  the  notch,  and  does  not  in  any  way  adhere. 

Contraction  of  the  stream  sidewise  (side  or  end  contraction)  may 


p " '  "••-  -  •"  ^'-^^1 1 II I  ■  ■■■11 1 


c 


t£Jh»^ 


T 


plan  view 

Fig.  282.  —  Showing  Side  or  End 
Contraction  in  Weirs. 


plan  view 

Fig.  283.  — Weir  with  Side  or  End 
Contraction  Suppressed. 


50  occur,  Fig.  282,  which  further  decreases  the  actual  flow,  unless 
ese  contractions  are  suppressed,  as  in  Fig.  283. 


374  EXPERIMENTAL  ENGINEERING 

Another  factor  strongly  influencing  the  value  of  C  is  the  vel{ 
of  approach.  If  the  water  has  considerable  velocity  as  it  approaci 
the  weir,  C  will  be  increased.  This  effect  is  connected  with 
relation  between  the  total  depth  of  the  channel  H  and  the  head 
Fig.  281. 

While  the  suppressing  of  end  contraction  may  increase  the  valiB 
of  C,  it  should  also  be  remembered  that  for  small  weirs  this  sup- 
pression may  bring  the  side  walls  so  close  tliat  the  friction  of  tbe 
water  against  them  begins  to  affect  the  discharge.  It  must  bceri- 
dent  from  the  foregoing  that  there  is  rather  wide  latitude  in  Ihe 
choice  of  the  value  of  C,  and  that  all  conditions  of  use  of  the  nolcli 
must  be  definitely  known  before  an  intelligent  choice  can  be  maifci 
if  no  calibration  is  possible. 

From  experiments  made  at  Lowell,  Mass,,  J.  B.  Francis  concluded 
that  the  effect  of  end  contraction  could  be  taken  inlo  accounl  bf: 
subtracting  from  b,  the  widtli  of  the  cresl,  an  amount  equal  toonft- 
tenth  of  the  head  h  over  the  weir.  If  k  =  the  number  of  endcoiK' 
tractions,  his  formula  reads, 

Q  =  IC  (b  -  .1  nh)  -s/^^cu.  ft.  per  sec.  (ij) 

For  the  ordinary  rectangular  notch,  since  n  =  a,  this  reduces 

e  =  I  C  (J  -  .2  A)  v/^iA^=  5.3  C  (6  -  .2  /.)A*        (4 

Francis  found  the  value  of  C  in  his  experiments  close  to  .61. 

If  there  is  considerable  velocity  of  approach,  it  must  be  coi 
for.     This  can  be  done  on  the  consideration  that  the  velocity  ha 

where  r'=- velocity  of  approach  in  ft.  per  sec.,  the  value  of  which  0 
be  approximately  delermined  at  first  by  dividing  the  flow,  as  rol 
puted  by  ordinary  formula,  by  the  cross  section  of  the  weir  chanw 

Church  ("  Mechanics  of  Engineering,''  Art.  i;oi)  shows  that  laki 
inlo  account  the  velocity  of  approach,  but  disregarding  the 
iraclions,  the  equation  for  the  rectangular  weir  becomes 

Q  =  lCb  VTs  {{h  +  ;i')t  -  fc'SJcu.  ft.  per  sec.        (l 

With  the  Francis  correction  for  contraction,  the  final  foi 
equation  then  is, 
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2  =  i  C  >/J7  (ft  -  .1  »A)  [(A  +  *0^  -  A'*]  cu.  ft.  per  sec.  (17) 
Phis  complete  equation  is  little  used;  instead  equation  (14)  is 
k1,  and  changes  are  made  in  C  to  account  for  the  effect  of  veloc- 
f  of  approach.  See  the  discussion  below  regarding  the  value  of  C. 
The  variation  of  C  has  been  studied  by  a  number  of  experimenters, 
id  the  results  of  these  made  by  Costel,  Poncelet,  Lesbros,  Francis, 
tdy-Steams  and  by  Frese  were  collaborated  by  the  latter  in  the 
eitschrift  des  Vereins  detUscher  Ingenieure,  1890.  Later  work  by 
[ansen  has  confirmed  Frese's  conclusions.*  These  were  as  follows : 
For  weirs  without  end  contraction.  — 

^         ,       ,        .0021  ,        ,  0.00064 

Ci  =  .615  -f-  7— or  0.615  +  -T—r. — T  • 

^      h  (meters)  ^       h  (feet) 

This  constant  Cj  may  be  used  direcdy  in  connection  with  equation 
[2).  Where  the  velocity  of  approach  is  considerable,  however, 
ay  for  small  weir  greater  than  \  ft.  per  sec),  C^  must  be  multiplied 
K  another  factor  £  >  i,  to  allow  for  the  increased  discharge.  Frese 
>und  this  factor  to  be 

e=i+.55(|)^ 

>  that  C  =  Ci£. 

For  the  significance  of  h  and  jH",  see  Fig.  281. 

Example:  In  a  weir  without  end  contraction,  suppose  A  =  .50  feet  and  H  «  2.5  feet 
^  C  to  be  used  in  formula  (12).    Then 

C|  «■  .615  +  '■ —  .616,  and  «  «  I  +  .55  (  —  )  =  1.022. 

o-S  \2.5/ 

fctimthe  coefficient  C  finally  ■•  .616  X  1.022  =■  .629. 

Vtirs  with  FvU  Contraction.  — This  case  is  more  complicated 
fiun  the  other  because  the  degree  of  side  contraction  depends  upon 
tte relation  between  width  of  notch  and  total  width  of  canal.  Wher- 
e'er possible  it  is  therefore  best,  on  the  score  of  accuracy,  to  suppress 
ie  end  contractions.  Where  this  cannot  be  done,  have  the  canal 
f  such  a  size  that  both  the  velocity  of  approach  and  the  influence 

♦  .\nothcr  paper  containing  an  extended  discussion  of  weir  formulas  is  contained 
"Water  Supply  and  Irrigation"  Paper  No.  200,  U.  S.  Geol.  Survey  (R.  E.HortonV 

Its  touches  upon  the  most  important  investigations,  with  the  exception  apparently  of 

oe  of  Frese. 
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of  the  side  walls  upon  the  contraction  can  be  neglected, 
conditions  Frese  gives 

C.  -  .576  + 
or  0.576 


A  (meters)  +  .18     b  (meters)  ■ 
O.CX352         _       0.0023. 


i 


ft  (feet)  +  0.59      6  (feet)  +  3.9 

This  value  of  C,  again  applies  to  equation  (12}. 

For  the  case  where  the  canal  has  a  width  B  and  a  depth 

neither  the  velocity  of  approach  nor  the  effect  of  the  walls 

neglected,  the  above  coefficient  C,  must  again  be  multiplki 

factor 


^hdJ -'](!)■ 


.025 + . 


■°37S 


The  coefficient  for  equation  (12)  will  then  again  be 

C  =  C,e. 
Example:  Assume  h  '^  i  fool,  6  —  j  feet,  if  —  4  feel,  and  5  =  i( 

•--[-<A)"-«']  (;)■-■■- 

C  —  C|»  =  .584  X  1-034  —  .604. 

Weir  notches  having  shapes  other  than  the  rectangular  have 
times  been  employed.  The  principal  ones  among  these  s 
triangular  notch  and  the  trapezoidal  (Cippoletti)  notch. 

Triangidar  Weir  Notch.  —The  triangular  weir  has  the 
lage  that  the  cross  section  of  the  stream  is  geometrically  sit 
form  whatever  the  value  of  ft.  Hence  the  discharge  coeffii 
very  regular  in  its  variation  and  is  more  nearly  constant  tl 
other  forms  of  weir.  It  has  been  found  *  that  C  for  a  Oil 
n  .    ^ 

weir  varies  with  h  by  the  function  C  =  m  -^  ~p~,  m  a. 

•  Strickland,  London  Engineer,  Oct.  iS,  1910,  p.  SO* 
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ipon  the  an^e  of  the  notch  and  upon  conditions  of  approach. 
triangular  weir  with  an  acute  angle  of  opening  is  peculiarly 
fitted  for  the  measurement  of  small 
>.  For  large  values  of  0  (see  Fig. 
y  say  about  135  degrees^  researches 
tie  value  of  C  are  as  yet  lacking.* 
.  Fig.  284,  0  is  the  angle  of  opening, 
t  width  of  the  crest  for  any  head  h. 
n  the  case,  of  the  rectangular  weir, 
velocity  that  any  small  particle  of 
^r  has  at  a  distance  y  below  the  sur- 
:  is 

V  =  y/2  gy  ft.  per  sec.  (18)  ^^^-  ^^ 

[  V  represents  the  width  of  the  notch  at  the  head  h  —  y,  and  8y 
thickness  of  the  filament  of  water  at  A  —  y,  the  quantity  dis- 
rg^  will  be 

Q  =  ydy  V2  gy  cu.  ft.  per  sec.  (19) 

h  fi  n 

iut    T-  =  2  tan  - ,    from  which   6  «  A  2  tan  - ,   and  similarly 
h  2  2 


=  (fe  —  y)  2  tan- 

2 


Hence 


0  Q     ph 

Q  =  2  tan- (A  —  y)  dy  V2  gy  =»  2  tan-  I    {h  —  y)  V2  gy 8y 
2  2  Jo 


=  ( —  \/2  g  tan  -  )A^  cu.  ft.  per  sec. 

Vis  2/ 


(20) 


'or  practical  use  this  equation  is  of  course  again  adapted  by  intro- 
bcing  the  coefficient  C,  so  that 


Q  =  C I — V^^  tan  -Ah^  cu.  ft.  per  sec. 


(21) 


If  the  angle  at  the  apex  =  60  degrees, 

tan  30®  =  .5773,  and  Q  =  2.46  Ch^  cu.  ft.  per  sec.  (22) 

f  the  an^e  =  90  degrees, 

tan  45^  =  i.oo,  and  Q  =  4.28  Ch^  cu.  ft.  per  sec.  (27,) 

Trapezoidal  N^tch.  — To  avoid  the  corrections  for  end  contrac- 

on,  Cippoletti  in  1886  proposed  the  use  of  a  trapezoidal  notch  of 
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such  dimensions  that  the  area  of  the  stream  flowing  through  tbi 
triangular  portion  at  the  sides  should  be  just  sufficient  to  correcl  bl 
the  contraction  of  the  stream  in  a  rectangular  weir.     The  praportioal 
of  such  a  weir,  in  terms  of  the  length  at  boltom  of  the  notch,  are  a 
follows:  height  equal  to  six-tenths  the  bottom  length,  width  of  top 
equal  to  the  bottom  plus  one-fourth  the  height,  added  to  each  si 
the  tangent  of  the  angle  of  inclination  of  the  sides  equal  to  0.25.   If 
is  asserted  that  such  a  weir  will  give  the  discharge  with  an  error 
than  one-half  of  one  per  cent.     The  formula  for  the  use  of  such 
notch  would  be  simply 

0  =  f  CfiA  ^rjh  "  3.33  bhi, 
assuming  that  C  =  .62,  and  that  the  opening  of  the  sides  does  inil] 
compensate  for  variation  of  C. 

197.  Methods  of  Measuring  the  Head  over  Weirs.  —  The  hd 
in  all  cases  is  to  i>e  measured  al  a  distance  sufficiently  back  from  Ihl 
weir  to  insure  a  surface  which  is  unaffected  by  tlie  flow.  The  channi 
above  the  weir  must  be  of  sufficient  depth  and  width  to  secure  coO 
paratively  still  water.  The  addition  of  baffle-plates,  some  neat  ft 
surface  and  some  near  the  bottom,  under  or  over  which  the  wi 
must  flow,  or  the  introduction  of  screens  of  wire  netting,  scn'es) 
check  the  current  to  a  great  extent.  Such  an  arrangement  is  sow 
times  called  a  tumbling-bay. 

The  object  of  the  baffle-plates  is  to  secure  still  water  for  the 
curate  measurement  of  the  height  of  the  surface  above  the  sill  of 
weir.     The  same  object  can  be  accomplished  by  connecting  a  b! 
or  vessel  to  the  water  above  the  weir  by  a  small  pipe  entering  iwi 
the  bottom  of  the  vessel;  the  water  will  stand  in  this  vessel  all 
same  height  as  that  above  the  weir,  and  will  be  disturbed  but  lit 
by  waves  of  eddies  in  the  main  channel.     The  height  of  water 
then  obtained  from  that  in  the  vessel.     Professor  I,  P.  Church 
the  connecting-pipe  pass  over  the  top  of  the  vessel  and  airaog 
so  as  to  act  as  a  siphon, 

The  accurate  measurement  of  the  head  is  of  the  greatest  is^il 
tance  in  weir  measurements  and  careful  work  is  necessary  in  all  cl 

The  Hook-gauge. — This  consists  of  a  sharp-pointe^  *"^^ 
lached  to  a  vernier  scale,  as  shown  in  Fig.  285,  in  such  a  m 
the  amount  it  is  raised  or  lowered  can  be  accurately  meas 
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BC  it,  the  hook  is  sabmnged,  then  slowly  raised  to  break  the  sur- 
bee-  Tilt  concct  bd^t  is  ^  reading  the  instant  the  hook  pierces 
llie  surface.  To  obtain  the  head  of  water  Sowing  over 
Sk  -Kai,  set  the  point  of  the  hook  at  the  same  Ie\~el  as  f^Hf 
die  siU  of  Uie  -wai.  The  reading  taken  in  this  posi- 
lim  wiQ  correspond  to  the  sero-head,  and  b  to  be 
subtracted  from  all  oiber  readings  to  give  the  head  of 
die  water  flowing  o\^er  the  weir. 

In  some  forms  of  the  hook-gauge  the  zero  of  the 
main  scale  can  be  adjusted  to  correspond  lo  the  zeto- 
hezwl,  or  lev'el  of  the  ^  of  the  weir. 

A  ty^  of  hook-gauge  used  by  Pnafessor  Frese  has 
three  points  instead  of  one,  all  three  being  airanged 
in  a  right  line.  Hie  instrument  is  so  constructed  and 
so  set  that  two  of  the  points  pierce  the  water  surface 
from  bdow.  as  in  the  oidinary  t}-pe,  while  the  third 
(middle)  one  must  b>ucb  the  surface  from  abo\~e. 

Floats.  — Floats  are  somedmes  used.  They  are 
made  of  hollow  metallic  \-e5sels,  or  piainled  block?  of 
wood  or  cork,  and  earn-  a  vertical  stem;  on  the  ^tcm 
is  an  index-hand  or  pointer  thai  move?  o\er  a  Iixed 
graduated  ^ale. 

198.  Condilioos  Affecting  tiw  Accnracy  of  Weirs.  — 
I.  The  weir  ^hould  be  preceded  by  a  jiraigin  channel  of 
constant  cro?s  section,  with  it-  axi^  passing  through  the  " .""  ^. 

middle  of  the  weir  and  j)cr]-icndicular  to  it.  of  >ufficieni 
length  to  secure  uniform  velocity  without  internal  agitation  or  eddies. 

2.  The  opening  lUelf  mu?t  have  a  ?harp  edge  on  the  upstream 
face,  and  the  wall?  cut  away  jo  thai  the  thickness  shall  not  exceed 
one-tenth  the  depth  of  the  o\fr3ow. 

3.  For  complete  coniraciJon.  the  di?tance  of  the  ?ill  or  bottom  of 
the  weir  from  the  bottom  of  the  canal  >hould  be  at  lea?i  three  time? 
the  depth  on  the  weir,  and  the  end?  of  the  ?i!l  -hould  be  at  Iea>!  twice 
the  depth  on  the  weir  from  the  side?  of  the  canal. 

4.  The  length  of  the  wtir  jien^endicular  10  ihc  currtr:;  should 
be  about  three  or  four  timc^  The  dejiih  of  the  water. 

5.  The  velocii}-  of  approach  should  be  small;  for  small  weirs 
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it  should  be  less  than  6  inches  per  second.     Where  this  condition 
does  not  obtain,  proper  correction  should  be  made. 

6.  The  layer  of  falling  water  should  be  periectly  free  from  the  walls 
below  the  weir,  in  order  that  air  may  freely  circulate  undemealfi. 

7.  The  head  on  the  weir  should  be  measured  with  accuracy,  ala 
point  back  from  the  weir  unaffected  by  the  suction  of  the  tlowaad 
by  the  action  of  waves  or  winds. 

8.  The  sill  should  be  horizontal,  the  plane  of  tlic  notch  \-cnicaL 
igg.   Effect  of  Disturbing  Causes  and  Error  in  Weir  Heasin*- 

ments.  —  i.  Incorrect  measurement  of  head.  This  may  incrca* 
or  decrease  the  computed  flow,  as  the  error  is  a  positive  or  negaiiu 
quantity. 

2.  Obliquity  of  weir;  the  effect  of  this  or  of  eddies  is  to  reUii 
the  flow. 

3.  Velocity  of  approach  too  great,  sides  and  bottom  too  near 
crest,  contraction  incomplete,  crest  not  perfectly  sharp,  or  water, 
clinging  to  the  outside  of  the  weir,  tend  in  each  case  to  increase  ll" 
discharge. 

The  causes  tending  to  increase  the  discharge  evidently  outnuml)* 
those  decreasing  it,  and  are,  all  things  being  taken  into  accouift 
more  difficult  to  overcome. 

200.  Directions  for  Calibrating  Weirs,  Nozzles,  and  Venturi  TltVt 
—  This  experiment  combines  the  determination  of  the  conji 
used  in  the  flow  formula  for  the  three  appliances  mentioned.  Th( 
water  is  sent  through  a  Venturi  meter  to  a  horiz(.inIai  header  pij 
of  considerable  capacity,  into  the  bottom  of  which  are  several  noid 
or  orifices  of  varying  construction,  from  each  of  which  the  water  mi 
be  turned  on  or  off  as  desired.  The  water  discharges  into  a  turabll 
bay  and  flows  over  a  weir  without  end  contraction.  As  arrange 
in  Sibley  College,  the  water  next  reaches  another  tumble-bay  it 
lower  level  and  is  finally  discharged  over  a  rectangular  notch 
full  contraction  into  tanks  on  scales. 

The  following  are  the  directions: 

Apparahis:  Tanks  and  scales,  hook-gauges  for  weirs,   pi 
gauge  for  nozzles,  pressure  gauges  and  manometer  for  Ventur 

I.   Accurately  level  the  sills  of  the  weirs  and  see  that  the  n 
are  in  vertical  planes. 
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Take  the  zero  reading  of  the  hook-gauges,  by  setting  the  point 
e  hook  with  a  spirit  level  or  other  means  at  the  level  of  the  sill. 

Turn  off  all  of  the  cocks  at  the  gauges;  open  valve  above 
tun  tube  very  slowly;  open  cocks  at  gauges;  open  valve  to  nozzle 
e  tested  slowly  until  it  is  wide  open. 

n  making  a  run,  put  a  tare  weight  of pounds  on  the  scales, 

11  adjust  the  hook-gauges  so  the  points  just  pierce  the  surface  of 
I  water.  When  the  flow  is  steady  (the  level  at  the  hook-gauge 
maimng  constant),  close  the  discharge  valve  of  the  weighing  tank. 

ote  the  time  to  nearest  second  when  the  beam  floats;  then  put 

)\mds  on  the  scale  and  note  the  time  when  the  beam  again  floats.* 
"he  difference  in  time  gives  the  number  of  seconds  for  the  flow  of 
—  pounds.  At  each  different  pressure  on  the  Venturi  meter  the 
)lk)wiDg  observations  are  to  be  made: 

fl.  Pressure  at  entrance  to  Venturi  tube. 

4.  Pressure  at  throat  of  Venturi  tube. 

f.  Pressure  in  receiver  at  nozzles. 

i  Hook-gauge  readings  for  each  weir. 

«.  Weight  of  water  discharged. 

/.  Time  to  nearest  second. 

In  addition  to  the  above  runs  at  a  graded  series  of  pressures,  the 
blbwing  runs  are  to  be  made : 

f.  Fully  open  all  of  the  valves  controlling  the  flow  through  the 
teles,  then  slowly  open  the  valve  at  the  entrance  to  the  Venturi 
^  until  a  maximum  difference  is  obtained  between  the  Venturi 

»bc  gauges.    Make  a  run  of  approximately  pounds  net  of 

wttcr,  taking  the  same  observations  as  before.  This  run  is  a  maxi- 
ttum  discharge  through  the  Venturi. 

*.  For  a  maximum  discharge  over  the  weirs,  in  addition  to  all  the 
}zzle  valves  being  wide  open,  feed  from  a  secondary  supply  pipe. 
bw  very  slowly  open  the  valve  at  the  Venturi  tube  until  the  water 
Is  the  weir  notch;  the  water  must  not  touch  the  upper  edge  of  the 

tch.    Make  a  run  of pounds  net,  taking  the  usual  observations. 

The  forms  used  for  recording  the  observations  and  computed 
antities  follow. 

Eotnuice  of  water  to  weighing  system  must  be  horizontal  or  nearly  so  for  this 
hod  of  weighiiig  to  be  correct. 
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lASUREllENT  OF  WATEK  OR  OTHER  LIQUID  BY  VOLUUE  DISFLACEUErn'. 

,  Calibrated  Tanks.  —  The  method  of  their  use  and  the  pre- 
D  to  be  observed  have  already  been  discussed  in  Art.  188. 
.  Tank    Meters.  —  Within    recent    years    several    fonus    of 
atus  have  been  developed  which  are  best  described  as  tank 


Fic.  286. —  Wilcox  W 


s.  They  are  all  arranged  automatically  to  fill  and  empty 
s  of  fixed  size  and  to  record  the  number  of  such  operations. 
;  Wilcox  water  weigher,  shown  in  Fig.  386,  is  a  good  example 
;  type.  It  is  a  tank  divided  into  upper  and  lower  compartments 
lorizontal  partition.  The  water  enters  the  upper  compartment, 
i  to  the  bwer,  in  which  it  is  measured,  and  (hen  out  through  the 
iped  discharge  pipe.    The  operation  of  filling  and  emptying 
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the  lower  or  measuring  compartment  is  govemed  by  the  staodpifc, 
bell-float  and  trip-pipe  AB  as  follows: 

The  standpipc,  which  is  open  top  and  bottom  and  capable  of 
vertical  motion,  is  corrugated  on  the  bottom  and  fitted  to  a  seatia 
the  horizontal  diaphragm.  When  in  its  lowest  position,  waxer  floir- 
ing  into  the  up[>er  compartment  rises  until  it  overflows  into  and 
through  the  standpipe,  entering  tbe  lower  chamber.  After  rising  higb 
enough  in  this  chamber  to  seal  the  lower  edge  of  tbe  beQ-floai  C, 


Fio.  387. —Hammond  W'l 


further  rise  compresses  the  air  under  the  float  and  in  the  left-hand 
legs  of  the  discharge  pipe  and  the  trip-pipe  AB.  This  compression 
of  air  under  the  float  immediately  causes  the  latter  to  rise  to  its  highest 
position,  but  as  it  is  rigidly  connected  to  the  standpipe  the  latter  is 
raised  from  its  scat  and  the  water  in  the  upper  compartment  pours 
into  the  lower  vessel.  The  compression  of  air  under  the  float  must 
continue  until  the  j)ressure  becomes  great  enough  to  break  the  seal 
in  the  trip-pipe.  This  action  immediately  reduces  the  pressure  below 
the  float,  permits  the  latter  to  descend,  sealing  the  upper  chamber 
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ainst  further  discharge,  and  allows  the  water  in  the  lower  compart- 
int  to  siphon  out  through  the  discharge  pipe. 
k  mechanical  counter  records  the  total  number  of  discharges,  and 
I  quantity  of  water  measured  is  then  found  by  multiplying  the 
nber  of  discharges  by  the  quantity  per  discharge,  the  latter  being 
oDstant  of  the  instrument 

rhis  apparatus  is  built  of  material  which  will  withstand  the  highest 
ler  feed  temperatures,  but  it  should  be  remembered  when  using 
nth  water  at  high  temperatures  that  the  measurement  is  one  of 
ume  and  hence  correction  for  density  is  necessary. 
Mother  apparatus  of  similar  type  is  that  known  as  the  Hammond 
ter  weigher,*  Fig.  287.  It  consists  of  two  tanks  side  by  side  with 
omoD  feed  and  discharge  pipes.  The  feed  is  deflected  into  the 
J  or  the  other  by  means  of  the  deflector  G,  the  position  of  which 
x)ntrolled  by  that  of  the  wrist  plate  F,  the  position  of  which  in 
Q  is  controlled  by  the  float  /  and  the  valve  M.  The  float  rismg 
the  vessel  being  filled  trips  a  latch  which  allows  the  wrist  plate 
rotate  under  the  action  of  the  head  of  water  above  the  valve  My 
fting  the  supply  to  the  other  tank  and  allowing  the  discharge  of 
tank  just  filled.  An  attached  mechanical  counter  records  the 
nber  of  discharges  as  before.f 

IV.  MECHANICAL  DISPLACEMENT  OR  POSFTIVE  METERS. 

03.  Water  Meters. — The  most  complete  discussion  of  recent 
rs  on  water  meters  is  probably  that  of  Schonheyder  before  the 
itution  of  Mechanical  Engineers  of  Great  Britain,  1900.  He 
sifies  all  water  meters  as  follows: 

Low-pressure  Meters. 
Inferential  Meters. 
Volume  or  Capacity  Meters. 
Meters  of  the  Venturi  Class. 
Waste  Detection  Meters. 
Positive  Meters. 

^ower,  Nov.  24,  1908. 

knother  illustration  of  this  type  of  meter,  much  more  complicated  but  also  very 

te,  will  be  found  in  the  Zeitsckrifl  des  Vereins  deutscher  Ingenieure,  Nov.  21, 
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Fio.  388, — Low-PKESSDRz  (Open 
TYPE)  Meter. 


A  good  water  meter  should  meet  the  following  requirements; 
give  accurate  indicatbns  for  widely  \'arying  rates  of  flow,  from  A 
smallest  to  the  maximum  suitable  to  the  meter;  (i)  the  indicati 
should  not  change  with  time  and  should  be  independent  of  the  wi 
pressure;  (c)  the  accuracy  should  not  change  with   temperatun^ 
{d)  the  loss  of  pressure  in  passing  the  meter  should  be  small: 

finafly,  (e)  the  meter  should  reqiaBJ 
little  attention  and  should  not  beesp^ 
cially  \Tilnerable  when  metering  dirtj 
water. 

I.  Low-pressure  Meters.— Viai 
type  of  meter  is  also  sometimes  called 
I  the  open  type.  The  latter  deaignatioa 
implies  that  the  entire  main  pressutt 
is  loai  as  the  water  passes  the  meic^ 
whicli  is  the  distinguishing  characW- 
istic  of  this  class  of  meters.  Fig.  iSS 
illustrates  one  type,  the  Siemens  n* 
ter.*  Thewatersupplycomingthrou^ 
the  central  pipe  flows  into  the  centra!  chamber,  and  from  here  flows 
through  the  openings  o,  b  and  c,  into  the  respective  compartmenS 
A,B  01  C,as  the  case  may  be.  The  lower  compartment  A  is  not 
filling,  while  C  is  emptying  and  B  is  out  of  action.  When  ^  isfi4 
the  supply  will  fill  the  central  compartment,  until  the  water  flows 
through  b  into  B,  commencing  to  fill  this.  The  left  side  of  the  di 
thus  gains  in  weight  and  at  a  certain  level  it  will  naove  120  degi 
in  a  counter-clockwise  direction,  after  which  B  will  be  complete 
filled,  and  A  starts  emptying.  E\'cry  complete  revolution  of  tl* 
drum,  therefore,  discharges  the  volume  contents  of  the  three  cl 
bcrs.  The  short  tubes,  o,,  6j  and  c„  serve  to  remove  the  aii  Erx 
the  chambers. 

Other  types  of  low-pressure  meter  employ  two  vessels  side  bys 
one  emptying  while  the  other  is  filting,  and  there  are  various  M 
forms.  The  Wilcox  and  Hammond  tank  meters  previously^ 
scribed  also  belong  to  this  class  of  meler. 

Low-pressure  or  open  meters,  when  properly  constructed, 
*  Gramberg,  Techniicht  Mesiutiien,  p.  119. 
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mntage  of  indicating  accurately  for  widely  varying  rates  of  Bow. 
ey  will  take  care  accurately  of  the  smallest  dribble.  Their  use, 
never,  requires  attention,  owing  to  the  fact  that  they  will  meter 
iter  as  fast  as  the  inlet  conditions  will  permit,  irrespective  of  the 
mand.  Thus,  if  the  metered  water  is  discharged  into  an  inter- 
£di&te  receiver  before  use,  and  the  demand  on  the  receiver  varies 
satly,  the  meter  must  be  watched  or  it  may  cause  an  overflow. 
liis  may  be  overcome  in  permanent  installations  by  arranging  a 
rat  control  of  the  meter  inlet 

1.  Inferential  Meters.  — In  this  class  the  water  is  not  actually 
uisund,  but  the  amount  passing  the  meter  is  "inferred"  from  the 


Fic.  i8g. — Hebsey  Torrekt  Mbteb. 

Umber  of  revolutions  made  by  a  member  which  is  caused  to  rotate 
y  the  current  of  water.  To  this  class  belong  the  so-called  fan- 
ned and  turbine  meters.  These  meters  are  often  designated 
wdoci^"  or  "current"  meters,  which  is  perhaps  a  more  descriptive 
Itne,  especially  since  the  term  "inferential"  is  also  used  for  a 
ethod  of  measurement  in  which  only  a  part  of  the  liquid  is  actually 


The  number  of  different  meters  manufactured  under  this  head 
^itite  large,  and  it  will  therefore  be  possible  to  give  only  one  or  two 
ileal  examples  of  construction.  The  same  remark  applies  prac- 
ally  also  to  all  the  other  classes  above  enumerated. 
Fig.  289  shows  the  Hersey  torrent  meter.  Its  operation  is  plain 
m  the  cut  without  much  description.    The  water  after  passing 
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the  screen  flow^  ialo  the  deflector,  aad  then  Hows  borizonralltr 
practically  radially  ihtou^  the  wheel,  causing  it  to  revolve, 
registering  mcckanbm  is  oi  the  ordinary  tj'pe. 

Another  inferential  tneter  is  illastiated  id  Fig.  290.     This  s 
the  "  Gem"  mt-ter.  made  by  the  National  Meter  Compaoy. 
meter  the  wheel  or  propeller  is  made  of  spiral  form.     Water  p 
causes  it  to  revolve,  the  number  of  turns  being  registered  as  si 


Fic.  jgo.  —  "Gem"  Isteeentul  M; 


The  distinguishing  feature  of  inferential  meters  is  their 
capacity  as  compared  with  meters  of  other  types  (see  table 
ing  for  some  figures  on  the  two  meters  illustrated). 


Capoi-ily  of  Current  or 
Size,  inches,  2 

Normal  capacity, 

cu,  ft.  per  min.,  33 


Velocity  Meiers,  cu.  fl.  per  mttL 
346  8         10 

73      128    2S8        513      800 


Inferential  meters  are  generally  open  to  the  objection  ■ 
will  not  register  small  flows,  on  account  of  the  friction  ol 
parts,  which  requires  a  certain  minimum  velocity  of  watei 
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motion  can  take  place.     Consequently,  for  flows  considerably  below 
cap^ty,  the  registration  is  too  small  by  from  2  to  5  per  cent  for  the 
same  reason.    This  feature  is  inherent  in  this  type  of  meter,  and  the 
error  can  only  be  minimized  by  exact  construction,  light  moving  parts, 
etc    In  the  usual  case  it  will  be  found  that  most  of  these  meters 
will  not  register  at  all  until  the  flow  exceeds  2  per  cent  of  the  nor- 
mal meter  capacity.    To  overcome  this  difficulty  two  meters  of  this 
type,  a  large  one  and  a  small  one,  have  sometimes  been  installed  in 
piarallel,  so  that  the  total  quantity  of  water  passing  is  obtained  from 
the  sum  of  the  readings  of  the  two  meter  dials.     As  long  as  the  flow 
is  small,  only  the  small  meter  is  working,  the  inlet  to  the  large  one 
being  closed  by  an  automatic  valve.    As  the  flow  increases,  the  pres- 
siare  difference  between  the  two  sides  of  the  meters  increases  and  at  a 
certain  value  the  valve  to  the  large  meter  is  opened.    Thus  this  meter 
cloes  not  come  into  action  until  the  region  of  its  accurate  registration 
is  reached,  and  the  error  of  the  combination  is  only  that  incident  to 
the  non-registration  of  the  small  meter  under  flows  which  form  only 
a  very  small  percentage  of  the  total  normal  capacity  of  both  meters. 
3.    Volume  or  Capacity  Meiers.  — There  are  a  number  of  such 
meters  made  in  this  country.    Among  them  may  be  mentioned  the 
Crown,  the  Hersey,  the  Nash,  the  Keystone,  and  several  other  equally 
good  ones.     This  tjrpe  may  be  divided  into  three  classes: 

(a)  Rotary  meters. 

(b)  Disk  meters. 

(c)  Piston  meters. 

Piston  meters,  although  true  volume  meters,  are  generally  known 
as  positive  meters,  and  are  discussed  in  Class  5  below. 

In  rotary  meters  the  moving  member  generally  has  motion  in  one 
plane  only,  and  by  this  motion  displaces,  during  one  cycle,  a  definite 
volume  of  water,  practically  transferring  it  from  the  inlet  to  the 
discharge  side.  Differences  in  the  construction  of  this  moving 
member,  usually  called  the  piston,  and  differences  in  the  cycle  of  its 
movement,  constitute  the  main  distinction  between  the  rotary  meters 
made  by  the  different  manufacturers.  The  principle  of  operation 
of  these  meters  is  rather  simple,  but  the  motion  is  complex  enough 
to  make  it  difficult  of  clear  explanation,  for  which  reason  it  is  advised 
to  make  a  study  of  a  meter  of  this  type  and  also  the  disk  type. 
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The  Hersey  rotary  meter.  Fig.  291,  is  a  lepiesentalive  n^tf 
this  class.  In  this  meter  the  piston  A  has  six  ptojectiona,  ^v 
the  cylinder  B  has  six  companments.  The  motioii  of  the  paa 
is  such  as  to  produce  motion  in  a  circle  of  the  pm  C  actuanng  iIr 
registering  mechanism.  The  bottom  head,  D,  contains  two  =a 
of  ojienings  leading  to  each  compartment.  Thn>u^  one  of  dits 
openings  the  water  enters  a  compartment  when  the  piston  A  br 


Hersev  Rotaby  Metek. 


its  motion  clears  it,  ivhilc  the  other  (the  discharge)  openings  in  this 
same  compartment  arc  closed  by  the  piston.  At  the  same  time  the 
discharge  o})enings  in  the  top  head,  E,  which  register  with  the  dis- 
charge openings  in  the  bottom  head,  are  of  course  also  held  ckised 
by  the  piston,  there  being  no  inlet  opening  in  the  top.  Thus  the 
compartment  can  fill.  In  the  meantime  the  other  compartments 
are  either  filling  or  emptying,  and  this  results  in  a  net  water  pressure 
tending  to  push  the  jjiston  around  its  containing  case  or  cylinder  in 
a  horizontal  plane.  When,  in  the  compartment  under  considera- 
tion, the  piston  has  cut  off  the  supply  opening,'  the  discharge  open- 
ings are  freed,  and  discharge  by  displacement  then  occurs  through 
the  top  and  fxjttom  discharge  openings  simultaneously,  the  bottom 
water  finding  its  way  to  the  central  openmg  in  the  piston,  through 
which  it  rises  and  joins  the  top  discharge.    The  combined  discharge 
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1  flows  over  the  top  head  &nd  out  through  the  outlet  at  the  left  of 
L*fct  meter.    In  effect,  dierefore,  the  piston  is  uothing  but  a  valve  which, 
w  Tijr  the  motion  confeired  upon  it  by  the  excess  of  pressure  on  one  side 
,   Oiver  that  on  the  other,  controls  inlet  and  outlet  ports  in  the  two  heads. 
A  disk  meter,  the  Nash,  is  shown  in  Fig.  392.   A  conical  disk  A 
moves  in  a  chamber  or  compartment  B  (the  floor  of  which  is  either 
a  plane  surface  or  only  slighdy  conical  and  the  roof  of  which  is  con- 
ical as  shown)  in  such  a  manner  as  to  produce  motion  in  a  circle  of 


-rr 

Fic.  1^2.  —  Nash  Disk  Mei 

the  pin  C  which  moves  the  registering  dial.  The  motion  of  the  axis  of 
the  pin  is  peculiar  and  may  best  be  compared  with  the  motion  of  the 
axis  of  a  spinning  top  when  this  axis  does  not  coincide  with  a  per- 
pendicular through  the  contact  point  of  the  top.  There  is  this 
difference,  however;  the  meter  disk  has  no  motion  of  rotation  about 
Its  own  axis,  for  it  is  held  in  one  position  with  respect  to  rotation  by  a 
vertical  partition  D  which  divides  the  compartment  into  two  parts  by 
passing  from  the  ^de  wall  to  the  center,  and  the  disk  makes  room 
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for  this  partition  by  having  cut  into  it  a  slot  E  from  circumference n 
center  (see  detail  figures  of  disk  and  compartment,  Fig.  292).  Q|, 
one  side  of  this  partition  in  the  side  wall  is  located  the  water  lob 
jx)rt,  while  the  outlet  port  is  located  on  the  other  side  of  thepMi] 
tion.     The  latter  port  is  shown  in  the  cut.    These  ports  are  adjacot j 
and  only  divided  by  the  partition.     Now  in  the  position  of  thedH 
shown  in  the  cut  it  will  be  noted  that  an  element  of  each  of  Ae 
upper  and  lower  surfaces  is  in  contact  respectively  with  the  noE 
and  floor  of  the  compartment.     The  motion  of  the  disk  is  such  that 
some  element  of  these  surfaces  will  alwa)rs  be  found  in  such  contact, 
and  hence  the  entire  compartment  is  subdivided  into  four  chambas, 
two  on  top  of  the  disk  and  tvvo  below  the  disk,  and  two  of  these,  one 
on  top  and  one  on  the  bottom,  are  open  to  the  inlet  port  while  the 
other  two  are  discharging.     The  pressure  difference  between  the 
filling  and  discharging  sides  causes  the  motion. 

The  advantages  of  rotary  or  disk  meters  consist  in  their  sim- 
plicity of  construction,  light  weight,  small  size,  and  comparativdy 
low  cost.  They  are  open  to  the  objection  that  no  particular  pro- 
vision is  made  against  leakage,  and  in  many  cases  none  is  made  for 
taking  up  wear.  In  spite  of  these  facts,  they  are  probably  more 
extensively  used  in  this  country  than  any  other  tjrpe  of  meter. 

The  capacities  of  rotary  or  disk  meters,  irrespective  of  type  or 
maker,  seem  to  range  alx)ut  as  follows: 

Size  of  meter,  f "  f ''  f'  i"  ij''  2"    3"    4"    6" 

Greatest  proper 

quantity  per  min.,  cu.  ft.,         i     2     4     8     12     20     36     72    120 

4.  Meiers  of  the  Venturi  Class.  — The. principle  of  the  Venturi 
meter  has  already  been  explained  (see  Article  195).  This  meter  has 
several  marked  advantages,  as  there  pointed  out,  and  has  come  into 
use  in  this  country  considerably,  although  mainly  for  waterworks 
use,  where  the  quantity  to  be  handled  is  large  and  where  the  proper 
amount  of  attention  can  be  paid  to  the  registering  clockwork,  which 
is  in  most  cases  rather  complicated  and  costly.  The  last  fact  has 
probably  militated  against  the  more  general  adoption  of  this  meter 
for  small  work. 

5.  Waste  Detection  Meters.  — This  is  another  special  form  of 
meter  whose  use  is  at  present  confined  to  waterworks  and  similar 
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ints.    Schooheyder,  in  the  paper  mentioned,  names  only  one  of  this 
,  the  Deacon,  shown  in  Fig.  293.*    The  water  enters  the  upper 
i  of  the  fx>no>dal  tube  and  acts  upon  a  dbk  suspended  centrally 
I  tfae  tube  by  a  thin  metallic  cord  passing  through  a  gland.     Thu 
I  the  rate  of  flow,  the  greater  the  depression  of  the  disk,  whose 
ation  is  continuously  recorded   by 
s  of  a  pencil  tracing  a  line  on  a 
r  mo^'ed  by  clockwork. 
6.  Positive  Meters.  — These  meters 
e  generally  piston  meters,  which  "posi- 
-  tiwely"   measure   the   water   by   alter- 
'■'  natelyfiUingandempt^nng.     Mostofthe 
meters  of  this  type  now  in  use  are  duplex 
ttteters,  that  is,  they  have  two  pistons 
with  their  cylinders.      These  pistons 
noay  be  connected  to  a  common  ciank 
shaft,  or  they  may  operate  like  the  steam 
pistons  of  the  ordinaiy  duplex  pump,  in 
which   case   each  piston  operates  the 
valves  for  the  other.    It  may  be  gathered 
£rom  this  description  that  these  meters  act  very  much  like  the  ordi- 
nary' piston  pump  reversed,  and  as  a  matter  of  fact  they  art  in  prin- 
ciple hydraulic  power  generators,  the  pressure  of  the  water  driving 
the  pistons  back  and  forth. 

The  piston  meters  in  common  use  in  this  countri-  arc  of  the  second 
class  above  mentioned,  the  pistons  moving  back  and  forth  in  the 
cylinders  unconnected.  It  will  suffice  to  show  the  construction  of 
one  of  them.  Fig.  294  gives  an  exterior  (phantom)  view  of  the 
Worthington  piston  meter,  showing  the  interrelation  of  the  main 
parts,  while  Figs,  295  and  296  give  two  cross  sections.  It  will  be 
seen  that  the  pistons  in  their  back  and  forth  travel  control  ordinarj- 
slide  valves  operatmg  on  seats  Just  above  the  bottom  casting,  which 
latter  contains  the  inlet  and  outlet  chambers.  The  plunger  heads 
simply  strike  the  valves  near  the  end  of  the  plunger  travel  and  move 
them  over  at  the  proper  time.  One  of  the  pistons  works  the  regis- 
tering mechanism  by  means  of  a  lever  and  ratchet  arrangement  as 

•  Piuc.  IqsI.  Mech.  Eng.,  tyoo,  p.  43. 
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shown.    The  end  of  the  lever  is  moved  by  the  piunger  heads  in  ti 
same  manner  in  which  the  valves  are  operated. 

The  capacitj'  of  piston  meters  can  in  general  be  assumed  as  folk) 
Size  of  meter,  |"  |"  i"  i^"  2"  3" 

Greatest  proper 

quantity  per  min.,  cu.  ft,  ij     3     5     6    8     23     60 


Fig.  S94, — Wot 


N  PisTos  Meter. 


Meters  of  this  type,  when  in  good  shape,  are  capable  of  giv' 
accurate  resulls.     No  provision,  however,  is  usually  made  for  taking* 
up  piston  wear  and  leakage,  and  this  materially  affects  the  resiill 
aftur  a  jieriod  of  service. 

204.  Hot-water  Meters.  —  For  ordinarj'  service  the  runni 
parts  of  most  melcrs  axe  made  as  light  as  possible  and  the  maiei 
is  often  some  hard-rubber  composition.  As  long  as  the  water 
fairly  cool,  say  not  to  exceed  no  or  120  degrees,  these  malei 
serve  verj'  well,  but  beyond  this  warping  and  twisting  of  the  dis 
pistons  is  apt  to  occur.  Hence  the  ordinary  type  of  meter  ci 
be  used  with  hot  water.  For  this  ser\'ice  the  meters  are  mf 
by  making  the  running  parts  of  some  metal,  usually  some 
or  bronze  comi>osition.     Service  with  hot  water  is  in  many 
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quite  severe  on  the  meter,  and  it  pa>-s  in  general  lo  install  hot-waM 
meters  in  a  by-pass  to  prevent  delays  in  the  operation  of  a  plant  dm 
to  meter  troubles. 

205.  The  Calibration  of  Water  Meters.  —  It  should  be  takoi  a 
fundamental  that  no  water  meter  of  whatever  make  should  be  usAJ^ 
without  calibration,  and  not  without  frequent  calibration  if  the  wort 
is  of  any  importance.  It  is  essential  that  the  method  of  calibrstiott^ 
should  reproduce  the  conditions  of  use.  It  is  consequently  neeessalf 
in  all  cases  where  meters  are  used  to  note  (a)  the  pressure,  (6)  tht^ 
temperature,  and  (c)  the  rate  of  flow,  in  order  to  be  able  to  reptodui*^ 
these  conditions  when  desired.  The  temperature  reading  is  al«j 
necessary  for  the  reduction  of  the  meter  readings,  which  are  in  cubiE] 
feet,  to  pounds. 

In  any  test  in  which  a  meter  is  used  it  is  usually  best  to  install  iblj 
meter  in  a  by-pass.  This  is  done  for  the  double  purpose  of  avoidii^ 
serious  interruptions  (as  in  boiler  trials,  for  instance)  and  also  to  bu 
able  to  calibrate  the  meter  on  the  spot.  For  the  method  of  doinj 
this,  see  the  meter  connections  recommended  in  the  Code  for  Boilef 
Testing,  Chapter  XVII. 

As  a  general  rule,  applicable  to  all  meter  calibrations,  it  maybj 
stated  that  the  greater  the  quantity  of  water  drawn  and  weighed! 
the  proper  rate  of  flow,  the  better.  The  upper  limit  m  this  resp* 
is  generally  soon  reached  on  account  of  the  limitations  of  tanks  aB 
scales,  but  for  large  meters  it  is  almost  necessary  to  provide  capaH( 
for  not  less  than  20  to  30  cubic  feet.  It  is  generally  more  accural 
not  to  draw  a.  certain  weight  of  water,  but  to  operate  the  meter  whS 
the  pointer  on  the  first  dial  of  the  register  moves  from  one  definl 
mark  on  the  dial  to  another  definite  mark.  This  avoids  theesdoi 
tion  of  fractional  values  on  the  dial  between  marks. 

It  sometimes  happens  that  a  meter  is  used  on  the  same  test  u« 
widely  varj-ing  rates  of  flow  and  that  the  meter  constant  also  v»l 
greatly  with  the  rate  of  flow.  In  that  case  a  single  calibration  H 
average  rate  of  flow  will  not  give  the  true  correction  factor,  tai 
will  be  necessary-  for  accuracy  to  determine  tlie  law  of  variadon  I 
to  apply  individual  correction  factors  to  various  parts  of  **«  ■*■ 
record. 
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V.  MEASUREMENT  OF  THE  QUANTITY  OF  LIQUID  BY  MEASUREMENT  O^ 

THE  AVERAGE  VELOCITY  GF  FLOW. 

206.  Measurements  of  this  kind  are  made  in  closed  pipes  or  con- 
duits and  in  open  channels.  They  are  generally  confined  to  cases 
where  the  flow  of  liquid  to  be  measured  is  too  great  to  be  determined 
by  the  other  methods  so  far  discussed.  The  principle  in  each  case 
B  to  determine  the  volume  as  the  product  of  its  two  factors  — cross 
sectioii  of  stream  and  velocity  of  flow.  Determination  of  the  last 
ibctor  only  need  here  be  considered. 

207.  Measurement  of  Average  Velocity  in  Open  Channels  and 
Streams.  —  The  instruments  and  appliances  used  for  this  purpose 
(X>ine  under  three  or  four  heads:  floating  bodies,  or  floats  for  short; 
pressure  plates,  hydro-dynamometers  or  hydro  metric  pendulums; 
tachometers  or  current  meters;  and  the  Pitot  tube. 

208.  Floats.  —  For  a  complete  discussion  concerning  the  use  of 
floats  for  measuring  average  stream  velocity  the  reader  is  referred 
to  almost  any  book  treating  on  water-power  development  The 
method  is  so  litde  used  in  purely  experimental  engineering  practice, 
being  hardly  accurate  enough  for  efliciency  computations,  for  in- 
stance, that  it  will  suffice  here  briefly  to  point  out  the  method. 

The  floating  body  should  be  small  and  have  a  density  approximately 
that  of  water.  Any  small  piece  of  wood  or  other  material  which  will 
float  and  which  can  be  observed  from  the  banks  may  be  used.  If 
the  stream  is  a  natural  one,  as  distinguished  from  the  symmetrical 
channels  often  used  for  head  or  tail  races  in  water-power  plants,  it 
is  essential  that  the  part  of  the  stream  chosen  for  the  trial  shall  be 
fairly  straight  and  as  nearly  as  possible  uniform  in  width  and  depth. 
The  course  may  be  from  50  to  200  feet  long,  a  base  line  being  laid 
off  on  the  bank.  At  each  end  of  the  base  line  stretch  a  cord  across 
the  stream  at  right  angles  to  the  base  line.  These  are  the  so-called 
transit  lines.  The  transit  lines  are  divided  into  anv  convenient 
number  of  equal  divisions  by  means  of  tags  fastened  to  the  lines. 
Measuring  the  depth  at  each  tag  provides  a  means  of  drawing  a 
profile  of  the  stream  for  the  up-  and  down-stream  sections,  thus  de- 
termining mean  cross  section.  The  floats  are  released,  one  by  one, 
some  distance  above  the  upper  transit  line,  and  time  and  spot  of 
crossing  the  line  are  observed,  the  former  by  stop  watch.     The  down- 
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stream  obsen'er  similarly  notes  the  place  of  crossing  the  lower  tranu' 
line,  and  at  the  instant  the  tioat  crosses  gives  a  signal  to  the  up- 
stream observer  to  note  the  time.  In  this  way  a  number  of  velocities 
can  be  obtained  across  the  width  of  the  stream.  If  the  stream  is  a) 
wide  that  no  cords  can  be  stretched  across,  the  method  becomes  mora 
elaborate.  In  that  case  a  theodolite  is  stationed  at  each  end  of  the 
base  line.  When  a  float  is  started,  the  upper  observer  sights  hit 
instrument  on  the  imaginary  transit  line  and  signals  the  time  when 
the  float  passes.  At  the  same  time  the  lower  observer  focuses  m 
the  float  and  when  the  up-stream  observer  gives  llie  signal,  he  reads 
the  angle  which  locates  the  float  as  it  crosses  the  upper  transit  line, 
Next  the  functions  of  the  observers  are  reversed,  the  upper  one  id- 
lowing  the  float  and  noting  the  angle  as  it  crosses  the  lower  transil, 
the  instant  of  which  is  signaled  by  the  lower  observer  with  his  at 
strument  clamped  on  the  lower  transit  line.  The  time  of  trandl 
has  in  the  meantime  been  taken  with  a  stop  watch  by  a  third  observer: 

Floats  are  of  two  kinds,  —  surface  or  single ^oats  and  sub-surfactfA 
submerged  or  double  floats.  The  use  of  the  latter  is  based  on  iIm 
consideration  that  a  body  simply  floating  on  the  surface  of  a  stieaB 
may  give  a  fairly  accurate  indication  of  the  surface  velocity,  bd 
tells  notliing  of  the  mean  velocity  over  the  entire  cross  section,  whicb 
is  certainly  less  than  the  surface  velocity.  Submerged  6oata  afl| 
made  by  fastening  a  body  capable  of  sinking  to  a  surface  float  aS( 
to  sustain  the  former  by  means  of  a  light  cord  or  wire.  The  lattil 
is  made  of  tlie  proper  length  to  maintain  the  bottom  float  wbeB 
wanted,  say  about  mid-depth.  With  these  double  floats  it  is  a 
that  the  top  float  indicates  much  more  nearly  the  average  sUi 
velocity.  For  very  regular  channels,  rod  floats  reaching  neariy  1 
the  bottom  of  the  channel  have  often  been  used.  They  genra 
consist  of  a  wood  rod,  weighted  at  the  lower  end  so  as  to  f 
nearly  vertical.  The  method  of  using  them  is  the  same  as  ii 
other  cases.  For  a  discussion  of  the  limits  of  accuracy  of  anyfl 
the  float  measurements,  the  reader  is  referred  to  Frizell's  "Wt|| 
Power"  and  Meads  "Water  Power  Engineering." 

The  latest  development  of  measurement  by  means  o'  < 
perhaps  that  reported  in  the  Zeitsclirift  des  Vereins  den 
genieure  for  April  20,  1907.     The  method  can  be  applil 
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^tgakr,  artificial  channelsy  but  has  been  found  to  give  very  accurate 
esults  when  used  in  the  tail  race  of  a  turbine  installation  for  deter- 
lining  the  amount  of  water  used.  It  consists  of  an  "apron,"  con- 
Tucted  of  a  very  light  framework,  over  which  varnished  cloth  is 
retched  This  apron  e  is  supported  on  a  carriage  c-c  (see  Fig.  297), 
liich  runs  on  a  track  o-a  the  length  of  the  canal.  Accurate  con- 
■uction  makes  the  force  required  to  move  the  carriage  very  small, 
the  installation  described,  the  canal  had  a  width  of  about  10  feet, 
5  depth  of  water  was  about  4.5  feet,  while  the  length  was  72  feet. 
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Figs.  297  and  298. — Apron  Method  of  Determining 

Velocity  in  a  Channel. 

5  carriage  and  apron  weighed  88  poimds,  but  a  force  of  only  .88 
nds  was  required  to  move  it.  The  method  of  using  the  apron  is 
m  in  Fig.  298.  From  the  position  I,  at  the  left,  the  apron  is 
ised,  and  as  the  lower  edge  enters  the  flowing  stream,  the  carriage 
uwn  forward.  After  a  few  feet  of  travel  the  apron  hangs  verti- 
and  is  latched  in  this  position  by  a  special  arrangement  located 
)n  the  carriage.     The  apron  enters  the  water  without  shock  and 

not  disturb  the  flow  conditions  appreciably.  The  measured 
it  along  the  canal  was  32.8  feet,  and  since  this  was  passed  through 
me  cases  in  about  12  seconds,  it  became  necessary  to  use  elec- 

instruments  for  recording  time,  distances,  etc.     The  apparatus 
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used  is  fully  described  in  the  article  referred  to.  Fig.  298  shows 
apron  at  position  II  as  it  is  during  the  test.  As  soon  as  the  end  1 
the  course  is  passed,  the  lalch  arrangement  /  is  unbooked  by  cai 
tact  with  a  rigid  member,  and  the  apron  is  then  brought  bv  d| 
current  into  the  inclined  position  shown  at  position  III,  which  sKi] 
the  carnage. 

An  analysis  of  this  method  of  measurement  shows  that  it  h 
principle  identical  with  the  ordmary  float  measurement  except 
it  gives  the  average  velocity  over  the  entire  cross  section  at  a  si 
trial.  The  writer  of  the  above  article  showed  that  it  could  give 
accurate  results,  even  for  very  low  speeds, down  to  .01  foot  per  secoiJ 
But  its  application  is  likely  to  be  restricted  by  the  fact  that  strai^ 
channels  of  the  requisite  length  are  rarely  available.  It  is  al 
nccessar}'  that  the  containing  walls  shall  be  smooth  and  strai^t 
order  to  allow  of  a  close  fit  of. the  apron,  to  minimize  the  errord 
to  water  passing  around  the  edges  of  the  apron.  For  permaia 
testing  flumes,  the  method  probably 
serves  and  will  receive  extended  c 
sideration. 

20g.  Hydro -dynamometers  and  Bjid 

metric    Pendulums.  —  The   difficult 

obtaining  satisfactory  conditions  for  & 

measurements  has  led  to  the  developni( 

of  apparatus  by  which  it  is  possible 

obtain   the   mean   stream  velocity  at 

single  well-defined  section.*    In  pres 

plates,  or  hydro-dynamometers,  the 

rent  is  made  to  impinge  upon  a  ph 

and  the  magnitude  of  the  force  or  pJ 

'e  exerted  by  the  stream  is  then  nm 

•  ured  in  various  ways.     To  illustrate 

Tig,  jg<j.  —  Perhooil  hvdbo-    type  of  this  class,  Fig,  299  gives  an  i 

DWAMOMETER.  ^f  ^^  constTuctiou  of  the  Perrodil  hyd 

dynamometer  as  shown  by  Van  Winkle.     The  pressure  pi 

carried  by  the  framework  ABCD,  which  is  supported  at  K  bri 

•  See  an  article  by  F.  Von  Winkle  on  "Stream  Flow  at  a  Single  Ck» 
Perjier  for  Aug.  30,  1910.     The  two  books  named  in  Artide  aoS  alio  co 
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tandard  MN,  as  shown.  UJ  is  a  torsion  rod  suspended  at  K 
m  the  upper  end  and  fastened  to  the  frame  A  BCD  between  B  and 
C,  as  shown.  EF  is  a  graduated  horizontal  circle  over  which  moves 
a  pointer  H  which  is  rigidly  fastened  to  the  torsion  rod.  The  in- 
strument is  used  as  follows:  by  loosening  set  screw  5,  the  plate  and 
framework  are  allowed  to  swing  into  the  current  like  a  loose  rudder 
until  the  position  of  P  is  parallel  to  the  current  and  the  pointer  in- 
dicates the  zero  on  the  scale  EF.  Next  the  pointer  H  is  forced 
aiDund,  twisting  the  rod  UJ  until  the  plate  P  is  perpendicular  to  the 
current.  S  is  then  fastened  and  the  angle  of  torsion,  which  is  a 
function  of  the  pressure  on  the  plate,  may  then  be  read. 

The  principle  of  the  hydrometric  pendulum  is  similar.  This 
instrument  consists  of  a  ball,  two  or  three  inches  in  diameter,  at- 
tached to  a  string.  The  ball  is  suspended  in  the  water  and  carried 
Jownward  by  the  current;  the  angle  of  deviation  from  a  vertical  may 
be  measured  by  a  graduated  arc  supported  so  that  the  initial  or  zero- 
E»int  is  in  a  vertical  line  through  the  point  of  suspension.  If  the 
rurrent  is  less  than  4  feet  per  second  an  ivory  ball  can  be  used,  but 
Sot  greater  velocities  an  iron  ball  will  be  required.  The  instrument 
cannot  give  accurate  determinations,  because  of  the  fluctuations  of 
ie  hall  and  consequent  variations  in  the  angle.  The  formulae  for 
iseare  as  follows:  Let  G  equal  the  weight  of  the  ball,  D  equal  the 
height  of  an  equal  volume  of  water;  then  G  —  D  is,  the  resultant 
vertical  force.  Let  F  equal  area  of  cross  section  of  the  ball,  v  the 
tfccity  of  the  current,  c  a  coeflicient  to  be  determined  by  experi- 
ocnt;  then  we  have  the  horizontal  force  P  =  cFv^.  Let  angle  of 
enation  be  d\  then 

,      .  P  cFv" 

tan  o  = = > 

G-D      G-D 

bm  which 


v  =  y 


(G  -  £))  tan  a 


cF 


(25) 


The  best  results  with  this  instrument  will  be  only  approximations. 
The  one  advantage  that  this  instrument  and  the  hydro-dyna- 
imeter  have  over  current  meters  lies  perhaps  in  the  fact  that  the 
•mer  can  be  used  for  lower  velocities  of  flow  than  the  latter.     On 
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the  other  hand,  Suctuating  velocity  of  current  makes  the  d 
tion  of  the  mean  reading  verj'  difficult  with  hydro-dynamo 
3IO.  Tachometers  or  Current  Meten.  —  These  inslnmi 
sist  of  light  fan  or  propeller  wheels,  mounled  either  horia 
verticaJly,  and  geared  to  a  registering  mechanism  which 
the  number  of  turns  made  by  the  wheel  in  a  given  time,  ac 
the  current.  The  registering  mechanism  may  be  simply 
nary  type  of  revolution  counter  direcdy  driven  from  the  wl 
by  worm  and  gear.  The  counter  can  be  worked  by  lever  i 
The  disadvantage  of  this  scheme  is  that  the  counter  is  ei 
the  grit  and  dirt  that  the  water  may  carry,  and  further,  that  t 
ment  has  to  be  bodily  removed  from  the  water  to  obtaio  ic 


Fic.  3c«.  —  Ektki.  Cux&bnt  Meter. 
Attempts  to  avoid  this  have  been  made  by  gearing  the  wl 
to  a  light  vertical  shaft  and  having  this  drive  the  register  abc 
This  scheme  is  generally  bad,  as  it  increases  the  friction 
and  thus  raises  the  lower  velocity  limit  below  which  the  ii 
will  not  record.  The  best  solution  of  the  problem  is  pe 
electric  recorder.  In  that  case  the  friction  loss  is  reduced  i 
mum,  since  the  wheel  shaft  is  simply  required  to  make  a 
electric  contact.  .Another  advantage  of  this  arrangemei 
the  recorder  may  be  located  at  any  convenient  distance 
point  of  observation. 

Another  good  scheme  for  reducing  friction  is  to  u 
acoustic  method  of  recording.  In  this  scheme  pai 
shaft  are  arranged  so  as  to  give  a  distinct  click  at  e\ 
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luwd  may  be  tfansmitted  to  the  operator  by  meaQsof  flexible  lulling 
»iuiected  to  the  tubing  supporting  the  current  meter  and  through  a 
iple  form  of  receiver. 
,  Current  meters  are  generally  provided  with  ruddeni  to  keep  them 
^paXkUel  to  the  current,  and,  if  readings  at  considerable  d'ipth  muii 
rise  taken,  are  also  weighted  so  as  to  keep  taut  the  to^k  Uy  wWu.h  ihev 
i.«xe  suspended  in  the  stream.  For  shallow  channels  rigid  nxl  lu-.- 
^ -pensions  are  preferred. 

-  Fig.  300  sbo-«rs  End's  current  meter*  of  the  tyi.e  lifit  rii<rjw,-ri. 
Tfce  instrument  i~  supported  by  the  rod  £.  A  U  the  wheel  aJi-i  ^ 
P  tbc  counter.  B-C  is  the 
6.  cord  and  \tvt-  mechanism 
CAflened  to  ±e  top  of  the 
>t)d.  Raisi^  lever  B  re- 
leases ibt  ca:ch  D  and 
starBtheix-=i:er.  Prea=ing 
Against  C  r^^a^xs  B  and 
the  flat  spcrzx  na  D  then. 


The  nei:  ilnscadcn,  F^ 
joi,  shoir?  :±e  *n-aJed 
ft'oltmat  -nSL.  i  -r:e  of 
curreni  tx\-s  --ir"  .orieiv 
employee     It  ait  -a.-^  'h.t 

levolurioCi       an       -r-rr.r.-^^ 

dectricaL-,  iisr-iiiiens 
buih  oc  rur  Traurnie  ora 
made  by  =e\=2ra.    iuia,i^c- 

tUieiB.     riffjJTTny       u      -y^egi 

construciioT.  ant  a.  jmiiiiiii 
of  recording 

Finali)    Fij:    y::^-  iku-.w- 
flexible  uansaittmi  -jv^  l 

•   Gymnert;.  "*  cc— M-.»«  A.  •.srr.t 


i     . 
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reading  from  the  movement  of  the  instrument  uniformly  over 
:tion.  The  first  and  second  methods  axe  most  appropriate  for 
'  measurements  with  an  instrument  which  is  supported  by  a 
stiDg  OD  the  bottom  of  the  stream,  but  for  employment  of 
neots  capable  of  being  suspended,  the  last  mentioned  method 
vantage  in  greater  convenience  and  saving  of  time. 
Tha  Pilot  Tube.  —  In  its  simplest  form  this  is  a  bent  tube 
the  water  in  such  a  marmer  that  the  lower  part  is  horizontal 
josed  to  the  moUon  of  the  current  in  an  open  channel.     By 


se  of  the  current  a  column  of  the  water  will  be  forced  into 
rnd  held  above  the  level  of  the  water  in  the  stream;  this 
see  Fig.  303)  depends  upon  the  velocity  of  the  water.  If 
I  DE  in  feet  above  the  surface  of  the  water  equal  h  and 
ty  of  the  water  equal  V  feet  per  second,  we  have 

V  =  C  Wih  (26) 

17  is  a  coefficient  to  be  determined  by  experiment.  Con- 
e  value  of  C,  see  Art.  214. 

3t  tube,  as  ordinarily  used  for  open  channel  work,  consists 
es,  one,  AB,  bent,  as  in  Fig.  304,  the  other,  CD,  vertical. 


J^J 


".  :".--  rr^  — f.'^  *:;  jt*  ire  sr.gnar  convereenL  ro  a 
t  "-.v.i:^^""_  -  -r-T  "iJts.  These  r^Des  are  =o  anan^ 
:  bJi  -7  _-,rr-:  ii  iiiT  r^iaai  ty  ruiiinz  on  "Jie  ;.orrl  :jk 
-.■:  .'.-.  •:  -■'.-     -i-rrrrr:^  '--  Z2^  rsDcs  i-Z>  and  bB  is  a  icaie 

>:  "::i*':  '  -— r:v  "  "  TLtaa*  CI  tTc  ^viTTTgr  Trmiers  m  and  n. 
•r?  ■:>'■=    '  r.r •=■-::=-:  s.:  11=  \zz-,  ^rtri  a  rubber  r^be  "ivirn  a  r 

■  rz  "'-:    .i-triizenr  ::  :?  -A^^nifii  -jd  a  iaie  or  post 
--- ._ -r.'-.-i    "£^--  --.^   ^Tjr  —  3g  .5  -.iaced  to  oppose  'Jie  ( 

•  -       J         -li  ir  jjii  .^.  -  -eicc-     The  iirercnce  in  be 
■  _-:r  -  ".-  •  -  -ti  ~:-  ic  '^•'  -'-jc  :c  ize  veioc"  .i  :ne  c 
_  The  "xarer  -Ji  ::::e  coin 

-Tui  not  rise  jjDove  : 
of  thesTirrcundin 


V^^  aaa  ize    ngir^T'PTii 


0 


il-a^ case  =^3 Hie  if  ±e 
■:e  sucKrQ  :  ui  3.1  *Jie 


I 


U 


-X  ■ 5 

:r4=?!           ^  ::oscd:    "^lis    ^ii    r; 

""*  ^  ""aier  in  ~oiii  cciuiE 


-anient  pcaincc:    r: 


"•.nv     c    "iinaiawn,  Ana   *ne 


:  r  3 .    Meftsuremen:  ^r  ATcraze   •  eioatr  la 

...  ,-:  r  .:.    -^  .     Here  P 's  :ne   nir^ 

,.  .  .       ...  —  --       -._-   .  :•-*  -:ai:c  .  pening  it  ng 

-,  •  -   .r      :r.--.::--:    v  ::ex:bie  r.ose  :q  : 

._:        .-,,-....■     ^'"      -■".:.     ■:-•     T^enmg  P  regbieis 

.:•.--  1-   7  r^ir^rers  ±e  >iacc   .11 

,  -,     ,-.-'-      -  ,r.  1  7.V' -::o':^oiiiy  ±e  \"eioc:r 

.;     -    ,v::-.;r2.     Hence  the  rradfr 


VI        « 


MEASUREMENT  W  LIQUIDS,  GASES,  AND  VAPORS      407 

meter  is  independoit  of  the  static  pressure  in  the  pipe,  but 
suxuiate  work  it  is  absolutdy  essential  that  D  r^^ter  the  static 

pioperiy. 
14.  Conditions  Affecting  the  Value  of  the  Constant  C  in  the  Best 
of  Pitot  Tube* — There  has  been  considerable  ccmtroversv  con- 
the  equation  of  the  Pitot  tube,  and  some  authorities  hax-e 
n  the  theoretical  equation  V  =  >/gk  instead  of  V  =  v  2  gh. 
e  work  of  later  experimenters,  however,  has  shown  that  the  latter 
ula  is  the  correct  one,  and  also  that  with  proper  construction 
tube  and  proper  handling  the  constant  C  may  with  confidence 
assumed  ==  i.o.  For  a  complete  discussion  of  this  matter  see 
following  papers:  VoL  XXII,  Trans.  A.S.M.E.,  p.  284;  Mr.  W. 
White,  in  the  Journal  of  the  Association  of  Elngineering  Societies, 
ugust,  1901;  Prof.  W.  B.  Gregory,  Vol.  XXV,  Trans.  A.S.M.E., 
!>•  184;  Prof.  W.  B.  Gregory  and  E.  W.  Schoder,  Vol.  XXX,  Trans. 
A.S.M.E.,  p.  351. 

It  would  appear  that  where  the  constant  C  is  not  practically  i.o 
In  the  equation,  the  trouble  may  be  found  either  at  the  impact  or 
at  the  static  opening.  To  get  a  true  impact  indication  seems,  how- 
ever, to  be  a  simple  matter,  it  being  apparendy  merely  necessar}*  to 
liave  a  small  hole,  say  not  over  \  inch,  and  better  smaller,  facing 
accurately  against  the  current,  and  to  have  the  shape  of  the  tube  in 
the  immediate  \ncinity  of  the  hole  such  that  the  presence  of  the  tube 
in  the  stream  will  not  aflFect  the  stream  filaments  in  front  of  the 
impact  opening.  Note  the  shape  of  the  tube  around  the  impact 
opening  in  Figs.  306  and  307.  Both  of  these  tubes  will  give  excellent 
service.  To  get  a  true  static  reading  is  apparently  more  difficult. 
The  reason  for  this  becomes  apparent  when  we  consider  that  if  the 
static  tube,  which  should  be  at  right  angles  to  the  stream  flow,  is 
inclined  slightly  against  the  current,  we  will  get  too  high  a  static 
reading  because  the  true  reading  is  increased  by  impact,  while  if 
the  tube  faces  slighdy  down  the  stream,  the  static  reading  will  be 
less  than  the  true  reading  because  it  is  affected  by  suction.  Any 
irregularity  in  the  flow  of  the  individual  water  filaments  in  the  pipe, 
owing  to  eddies,  etc.,  will  produce  similar  effects.  Further,  in  some 
designs  of  Pitot  tube  the  static  tube  is  so  placed  with  reference  to 
the  impact  tube  that  the  latter  cannot  help  but  disturb  the  stream 


4o8 


EXPERIMENTAL  ENGINEERING 


Conditions  around  the  former,  and  inaccurate  static  readings  u 
the  result.  This  is  no  doubt  why  many  Pitot  tube  measuremeQll 
have  proven  unsatisfactory. 


Fig.  306. — PrroT  Tube  <GaEcoRY), 

Professor  Gregory,  in  the  paper  above  mentioned,  shows  the  c(| 
struction  of  a  number  of  tubes  and  discusses  the  results  obtai 


with  them.  The  shape  of  ihe  tube  finally  settled  upon  a 
value  of  C  =■  1,0,  as  proved  by  test,  is  shown  in  Fig,  306. 
will  be  seen,  the  inner  tube  is  the  impact  tube.     The  static 
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B  measured  through  small  openings  in  the  side  of  the  outer  tube. 
riie  handle  at  the  top  is  used  to  set  the  tube  parallel  with  the  sides 
Kf  the  pipe  or  conduit  Another  tube  of  similar  construction  is 
ilio^vii  in  Fig.  307,  except  that  the  static  openings  are  two  or  three 
nairrow  slots  well  back  fiom  the  impact  opening,  as  shown. 

Besides  thus  determining  the  proper  form  of  tube,  Professor 
I'egory  has  introduced  a  further  simplification  for  tubes  to  be  used 
a  straight  pipe.  He  has  shown  that  the  static  pressure,  except 
*or  gravity,  does  not  change  over  the  cross  section  of  a  pipe  or  con- 
^ixit.  Consequently,  since  the  static  pressure  can  just  as  well  be 
^^^'^asured  at  the  walls  as  anywhere  else,  it  becomes  unnecessary  to 
Lve  the  static  tube  follow  the  impact  tube  when  making  a  traverse. 
'Ills  means  that  only  the  impact  tube  need  be  introduced,  and  if 
^lie  tube  is  of  the  right  shape  the  only  openings  necessary  in  any 
^cnduit  will  be,  say,  a  ij  inch  opening  for  the  impact  tube  and  two 
i^  inch  or  J  inch  openings  90  degrees  from  the  former  and  located 
^t  the  ends  of  a  diameter  for  the  static  reading.  Into  the  latter  are 
brewed  J  inch  valves,  but  care  should  be  taken  first  to  round  oflF 
the  inner  edges  of  these  holes  with  a  rat-tail  file  and  the  valves  should 
not  be  screwed  through  the  thickness  of  the  wall.  This  prevents 
suction  or  impact  at  these  openings.  The  Pitot  tube  itself  is  pushed 
through  a  packing  gland  in  a  plug  which  is  pro\nded  with  ordinary 
pipe  thread.  The  tube  is  provided  with  a  handle,  by  means  of  which 
it  is  raised  or  lowered  and  also  aligned  with  the  pipe.  The  con- 
nections are  then  as  shown  in  Fig.  308,  Fig.  309  showing  the  lower 
end  of  the  tube  on  a  larger  scale.  The  form  of  differential  manom- 
eter shown  is  also  very  convenient.  At  A  there  may  be  connected 
a  force  pump  by  means  of  which  the  position  of  the  water  levels  in 
the  manometer  may  be  controlled. 

215.  Calibration  of  Pitot  Tubes.  —  The  only  methods  of  cali- 
brating Pitot  tubes  are  the  same  as  those  available  for  current  meters; 
that  is,  they  must  either  be  dragged  through  still  water  at  a  definite 
rate  or  they  may  be  placed  in  streams  the  velocity  of  which  is  known. 
The  experimental  work  done,  however,  has  shown  that  where  the 
best  form  of  tube  is  used  with  care,  the  constant  may  be  assumed 
equal  to  1.0.  The  error  involved  in  this  assumption  is  almost  sure 
to  be  not  greater  than  i  i  per  cent. 
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Method  of  Hsldng  a  Travene  and  ObtBining  Oie  Average  or 
Veloci^.  —  It  has  been  shown  by  a  number  of  tests  that  the 
If  of  water  going  through  a  pipe  b  greatest  at  the  center  and 
t  the  walls,  and  that  the  ratio  of  these  two  velocities  approxi- 
two  to  one.  The  variation  of  the  velocities  may  be  repre- 
by  a  solid  of  revolution  whose  axial  cross  section  consists 
ectangular  part  ABDE,  Fig.  310,  with  a  semi-elliptical 
^D.    The  rectan^e  has  for  its  length  one-half  the  center 
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PC,  while  the  other  dimension  is  the  diameter  of  the 
S.  The  semi-ellipse  has  for  its  minor  axis  the  diameter  of 
;  and  for  half  its  major  axis  CC,  one-half  of  the  center 
ity  FC  How  closely  the  ellipse  is  approximated  is  well 
n  Fig.  310. 

he  purpose  of  determining  the  complete  shape  of  the  cross 
ABC'DE,  the  pipe  must  be  traversed.  This  may  be  done 
Qg  readings  at  stations  equally  spaced  along  a  diameter, 
h  case  the  curve  must  be  plotted  and  the  mean  velocity 
aed  by  finding  by  integration  the  mean  ordinate  of  the 
revolution.    Or  certain  definite  stations  may  be  chosen  so 
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that  the  velocity  readings  may  be  averaged  stiaigjit  vithoot  nJ 
through  the  process  of  drawing  the  velocity  curve.    Tie  h 
method  is  the  quicker  and  fully  as  accurate  as  the  fonnei. 
number  of  stations  may  be  chosen  along  a  ^ven  diameter,  bntq 
has  been  shown  that  ten  stations  give  an  average  suffidentljr  di 
Hence  this  method  of  determining  average  velocity  is  s 
known  as  the  lo-point  method.     In  Fig.  311  the  cross  sectioind 
the  pipe  is  divided  into  five  equtU  concentric  areas  indicated  b)-tka 
dotted  circles.     Each  area  is  thai 
divided  into  two  equal  areas  ii 
cated  by  the  short  circular  aio,! 
resulting   in  "Stations"    i  to  10 1 
(marked  by  heavier  dots)  akmg  tkl 
diameter  A  B.    The  reading  at  eai  I 
one  of  the  stations  1-5  will  give  tie  I 
mean  velocity  for  the  concentric  am  j 
in    which   it  is  located.    StatioiB  | 
6-10  simply  duplicate  the  teadisp  1 
taken  in  the  upper  half  of  the  pipe,  so  I 
that  if  a  complete  traverse  is  made, 
^^  two  velocity  head  readings  will  be  I 

taken  in  each  aiea.  Since  the  areas 
are  equal,  the  sum  of  all  the  velocities  for  any  one  traverse  is 
simply  divided  by  10  to  obtain  the  average  velocity.  Note  thai 
the  center  velocity,  while  it  should  be  read  on  the  traverse,  does 
not  enter  this  computation.  Fig.  311  shows  how  the  stations  may 
be  determined.  In  practice  a  scale  may  be  laid  off  on  the  Pilot 
tube  itself  so  that  the  adjustments  may  be  made  qiuckly. 

217.  Relation  between  Center  Velocity  and  Mean  Velod^.— 
Assuming  that  the  velocity  traverse  curve  is  a  true  ellipse,  the 
mean  velocity  would  be  .833  X  the  center  velocity.  Gregory  and 
others  have  in  actual  cases  found  this  factor  to  be  about  .84.  In 
any  case  this  ratio  gives  a  very  quick  means  of  approximately 
determining  flow  from  a  single  Pitot  tube  reading  of  the  center 
velocity,  but  it  should  be  noted  that  the  error  may  be  ±  3  per  cent. 
3  r8.  The  Flow  of  Water  in  Pipes.  —  Many  of  the  factors  govern- 
ing the  flow  of  water  in  pipes  arc  as  yet  not  definitely  determined. 
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and  the  computations  are  therefore  to  a  certain  extent  approximate. 
For  a  full  discussion  of  this  matter  see  any  book  on  Hydraulics  or 
on  Mechanics  containing  chapters  on  Hydromechanics. 

In  general,  if  A  is  the  total  head  in  feet  available  to  produce  flow, 
and  7  is  the  velocity  of  the  issuing  stream  from  the  pipe  (not  nozzle) 
in  feet  per  second,  we  may  write 

A  -  j^  =  A,  -f  A,  -f  A3  -f  A,,  (27) 

m  which  the  right-hand  member  of  the  equation  expresses  the  sum 
of  all  the  losses  of  head.     Here 

Aj  =  the  loss  of  head  at  entrance. 
A,  =  the  loss  due  to  skin  friction  in  the  pipe. 
A,  =  the  loss  of  head  due  to  curves  and  bends. 
k^  =  the  loss  of  head  due  to  other  causes,  such  as  obstructions, 
valves,  etc. 

Each  one  of  the  losses  may  be  expressed  by  a  term  equal  to  — 

^  g 

multiplied  by  some  correction  factor  <f>,  except  the  loss  due  to  skin 

friction,  a  general  expression  for  which  is  A,  =  4/- —  ,  where  /  is 

d2  g 

the  length  and  d  the  diameter  of  the  pipe  in  feet,  and  /  may  be 

considered  as  a  coefficient  of  friction. 

Hence  equation  (27)  may  be  written: 

A -01 h  4/3  —  +  03  —  -f0.  — ,         (28) 

2g  2g  ^'d2g        ^'2^         ^'2g' 

irhere  V  is  in  every  case  the  velocity  in  feet  per  second  at  that  place 
in  the  pipe  for  which  the  loss  is  being  computed.  Where  the  pipe 
is  made  up  of  lengths  of  diflFerent  diameters,  or  where  bends  of  vari- 
ous curvatures  are  used,  or  where  several  kinds  of  valves  are  em- 
ifcyed,  each  one  of  the  factors  Aj,  A,  and  h^  stands  for  the  sum  of 
•11  the  mdividual  losses  coming  under  that  particular  classification. 
Value  of  <t>i.  — This  may  be  taken  equal  to  .5  for  a  pipe  at  right 
•ngles  to  the  reservoir  or  source  of  supply  and  flush  with  the  inside 
•«J1,  and  where  the  entrance  edges  are  sharp.  These  are  about  the 
donditions  that  exist  when  a  pipe  is  screwed  into  a  tee  in  the  main 
p^.  Where  the  pipe  projects  inside,  0i  may  be  as  high  as  .93, 
irhile  if  the  entrance  is  bell-mouth,  0i  may  be  almost  =  o. 
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Value  off.  —  For  values  of  the  coefficient  of  friction  /,  see  tl) 
Cun-es  in  Fig.  312.*  These  figures  are  for  clean  pipe.  Note  tin 
they  vary  with  the  size  of  the  pipe  and  the  velocity  V.    For  rouj 
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or  foul  pipe  the  value  of /should  be  increased.  The  amoimM 
increase  varies  with  the  kind  of  pipe  and  is  not  definitely  knoll 
For  a  slightly  rough  pipe  an  increase  of  30  per  cent,  while 

*  Adapted  fiom  a  table  given  in  Merriman's  "  H^dnnlica." 
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p^ie  ciDc  of  xoo  per  cBOt  manr  ^er^  iSds  pwrpoi^,  sMkcoi^  the 
cf  mnsn  3ae  ik&  id  Ac  jnckg^msiKt  of  liie  ^wi^pmftprr. 
Vdfar  if  (fkg.  — ¥ar  d»  iaaciar  Taoaois  aurhoniies^  also  i^vc  isJbr- 

2  2 


f*  k  -fhf  cxffiriar  jmglc  (-OC,  Fig.  53  3  . 


oi,  =  ..i^    .jSa    .p&t 

tlieae  wst  espenxxKnad  lUgms  fDund  iar  jj  >^  ^ 

inch  pqie.     7ar  fflfnaBrr  pqge  ihe  inaluef^  ix>-  i;,^    ,.  ^ 

^xemae.     ThuB  IX^dsbHcfa  iound  iar  a  |  incb 

pqpe  JL  taiefuctgiil  of  2*53  iar  a  QCMtegiee  elbow.      Ch3  the  other 

IiauL  ior  largyr  pqie  the  values  iajr  q^  lua}  hi  e^qiecied  iv  be  less 

thanftoae  given. 

Ib  long  bends.  insGead  of  elbows,  the  iriciioii  losf'  i>  much  less, 

-  ^^    ,.j_       .   R      BjsLtiv  of  cur\-atuTt      •  ,,       ^, 

and  flie  gpeater  the  iKtH>—  = -: : — : tne   smaller    the 

r  ladiur-  o:  pipe 

loss.     ThuE-  iar  ao-ciegrce  bend^  Weishach  i'dubc.  if 

R 

r  .  -  4 

Some  authorities  content  them■seivtf^  in  ^lmD!^  aading  ior  cacr. 
dfaow  in  a  pipe  line  a  cenair  number  of  cxttl  iet?:  u  tne  lenfftr.  *  of 
tbe  line  it>  alioi^  ior  tiie  exrxa  rrjction.  Thu.-  Laiu*  griveir  tne  ioi- 
lowing  aliowances: 

Nominal  IDliaizi. 

of  Pipe,  inciieb,  i  i^      i       2r-       :  ;r'        u         = 

Allowance  in  f  1. 

for  each  dbow.  2  :        -        -        c         ::       :;       :. 

Such  allowances  are  of  coiirst  empirical,  since  tiiey  do  no:  IuRc  inio 
account  the  vdocit}'  of  tnr  water. 

Value  of  9,.  — Periaat?.-  ieas:  i>  known  al»ou:  ine  value  of  this 
coefficieni.     l^^isbocJ-:  give.-  hgures  ior  gate  vaivt^.  i.iug  cocks,  and 
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butterfijr  valves,  but  not  for  the  globe  valve  so  much  used  in  ths' 
country.     For  a  gate  valve  the  tigures  are  as  follows  (.see  Fig.  31^:! 


-o         i  } 

=  o       .07       .26 

No  de&nite  figui 


)      i       i      i 


.81 


55 


17 


"    J 


i  for  globe  valves  appear  Ic 

available.    Some  writers  assume  the  resbtance  0^ 

.  such  a  valve,  when  open,  at  about  1.5  times  tluto^ 

a  90-degTee  elbow. 

In  practice  the  case  encountered  in  the  g 
majority  of  instantes  is  that  of  a  pipe  of  unifoOJ 
diameter.  For  this  case  the  velocity  K  in  ^  1*5 
terms  of  equation  (28)  may  be  taken  the  same  aa^ 
the  equations  may  be  solved  for  1',  the  mean  velocity  in  the  piprf 
We  will  then  have 


Fig.  314- 


V  - 


2gh 


-^J:, 


-  it.  per  sec. 


(4 


The  relative  importance  of  the  terms  varies  with  the  length  I 
the  pipe,  as  the  following  example  will  show.     In  many  cases  il 

but  /  -  and  perhaps  ^,  may  be  neglected, 

ExamfU  i.  Compute  the  discharge  through  a  j-inch  wrovight-iron  fMpe  siightljl 
enisled.  The  pipe  is  looo  te«  long  in  all,  has  6  right-angled  turns  (ordinary  tlbm 
with  a  globe  valve  at  the  end.  The  pressure  of  water  at  Ihe  main  is  30  pounds  b;i  gt 
and  the  discharge  end  oE  the  pipe  is  10  feet  below  itic  point  oE  conneciion  ta  the  H 

Here  the  total  head  A  =  1.3  X  30  4-  10  --  79  feel.  The  \ti1uc  of  4-1  may  be  ukwefl 
to  .5.  Since  equation  (19)  involves  the  inler-related  factors  V  and/,  it  must  be  »l 
bv  trial,  and  for  a  first  approximation  put/  =  .006,  for  which  V  ^6  feet  per  secoiid  | 
l'~ig-  31a).  The  length  /  —  1000  feel,  ami  J  —  ;  inches  =-  .15  feet.  <!>,  may  he  al 
ec]ual  to  .984,  and  since  there  are  six  elbo.i  5,  the  lutal  loss  nill  be  6  X  .9S4  —  5.90,  R 
the  globe  valve  put  i^i  ->  i 

Then 


*  I  +  .5  +  .006  X  4 +  s.g  +  I 


5£82 

-  -5  +  96  +  5-9  +  , 
This  is  In  close  enough  agreement  w 
Since  the  Internal  area  of  a  3-inch  pipe  is 
be  6.g  X  .0513  "■  -33  P^'  second. 


th  our  Bssumplion  for  all  practica' 
og  1 3  square  feel,  the  cubic  feet  disc 
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An  analysis  of  the  above  example  will  show  that  approximately 
90  per  cent  of  the  loss  of  head  is  accounted  for  in  skin  friction  and 
about  5.5  per  cent  is  accounted  for  in  the  loss  through  the  six  elbows. 
Neglecting  all  losses  except  that  due  to  skin  friction,  the  result  would 
have  been  F  =  7.2  feet  per  second,  which  is  within  5  per  cent  of  the 
former  result.  Hence  for  very  long  pipe  it  is  only  necessary  to  take 
skin  friction  into  accoimt  and  all  other  losses  may  be  neglected, 
provided  the  number  of  curves  or  bends  is  not  excessive. 

Case  of  Short  Pipes.  —  A  pipe  is  regarded  as  short  when  its  length 
is  less  than  500  times  the  diameter  and  very  short  when  it  is  less  than 
50  diameters.  In  such  a  case  with  high  heads,  V  is  apt  to  be  so  great 
that  little  is  known  about  the  value  of  /.  It  also  becomes  necessary 
to  determine  <f>i  as  closely  as  possible.  For  the  conditions  existing 
and  where  the  pipe  is  very  short,  a  length  equal  to  three  diameters 
should  be  subtracted  from  the  length  /,  since  that  part  of  the  length 
is  accounted  for  in  the  value  of  <f>i. 

Example  2.  Conditions  same  as  in  Example  i  except  that  the  pipe  is  only  50  feet 
kng.    The  statement  then  becomes,  assuming  for  the  moment  that/  remains  the  same, 

>r79 


/  2  X  32a  : 

^  I  +  .5  +  .006  X  4  — 


3^  +  5-9  +  i-S 


.S087 

■" — * =  19.3  ft.  per  sec. 


I  +  .5  +  4.8  +5.9+  i-S 


Now  the  curves,  Fig.  312,  for  this  case  indicate  that  the  value  of  /  for  this  velocity  is 
probably  much  nearer  .00$.     With  this  value  we  get 


-V/: 


.«>o87 

-'' — 19.9  ft.  per  sec. 


+  -5  +  4  +  5-9  +  i-S 


Note  that  in  this  case  the  head  lost  in  friction  is  smaller  than  the 
head  lost  in  the  elbows  and  that  none  of  the  losses  can  be  neglected. 

Measurement  of  Gases. 

219.  As  in  the  case  of  liquids,  the  methods  of  measuring  gas  may 
)e  positive  or  inferential.  In  all  cases  positive  methods  should  be 
ised  where  possible,  on  account  of  greater  guarantee  of  accuracy. 

The  various  possible  methods  available  may  be  grouped  as 
)Ilows: 
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I.  Chemical  Methods.  Used  positively  for  the  measurement  of 
small  quantities  of  gas.  Used  also  inferentially  in  boiler  and  pro- 
ducer testing.  In  either  of  tht  last  two  applications  only  a  smil 
part  of  the  flue  or  producer  gas.  is  analyzed,  and  from  this  wiih  da 
aid  of  other  factors  the  total  quantity  of  gas  concerned  id  a  ^ita 
operation  may  be  determined.  The  reader  is  referred  to  Chaplea 
XIII  and  XXI  for  discussion  of  these  analyses. 

II.  Measurement  by  means  of  orifices,  such  as  openings  in  fl^ 
plates,  nozzles,  etc.  These  methods  are  equally  applicable  to  large 
and  small  volumes  and  among  ihem  are  some  of  the  best  available.' 

III.  Measurement  by  volume  displacement,  as  in  gasometeis  or 
gas  meters  in  general. 

IV.  Measurement  by  determining  the  average  velocity  of  flov  nl 
a  pipe  of  known  cross  section  by  means  of  anemometers,  Pitot  Cubes, 
Venturi  meters,  etc. 

V.  Measurement  by  calorimetry,  or  by  steam  and  electric  healen. 
In  measuring  gases  there  are  several  things  which  must  be  con- 

stantiy  bome  in  mind.    They  are: 

1.  Volume  means  nothing  unless  temperature  and  pressure  it 
which  the  volume  is  measured  are  determined  and  recorded. 

2.  Pressure  measurement  means  nothing  unless  the  degree  of  sat- 
uration of  the  gas  with  water  vi^ior  is  known.  All  gases  as  handled 
by  the  engineer  are  more  or  le&  nearly  saturated  with  water  vapor 
and  the  pressure  exited  by  such  a  mixture  is  the  sum  of  that  d* 
to  the  gas  and  that  due  to  the  water  vapor.  In  naaking  refined 
calculations  the  pressure  due  to  the  water  vapor  must  be  subtracwJ 
from  that  of  the  mixture  giving  the  "  partial  pressure"  due  tolheg*^ 
and  the  pressure  of  water  vapor  in  question  is  not  that  given  in 
steam  tables  as  corresponding  to  the  temperature,  but  some  fractioB 
of  that,  the  fraction  being  the  "percentage  humidity,"  This  cor- 
rected partial  pressure  is  then  used  in  the  ordinary  gas  formulas. 

3.  Methods  of  measurement  in  which  the  gas  to  be  measurrf 
comes  in  contact  with  water  or  similar  liquid  are  always  subject tl 
error,  due  to  the  solubility  of  the  different  gases  in  the  liquid.  AS| 
liquid  to  be  used  in  this  way  should  be  saturated  with  the  ffi 
or  gases  in  question  by  allowing  them  to  bubble  throug.. 
a  considerable  length  of  time  before  measurements  are 
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re  the  quantin-  of  liquid  i^  relaliveiy  small,  a^  in  a  wc;  ga.- 
ii,  it  soon  become^  saturated  wiiii  the  ga^  anu  ii.^  efieci  nia} 
liiereaiter  bt-  disregarded  unie&^  tiieu  au-  considerabiL  changes  i>i 
^tjeniDcraiurt. 

Tile  ioUowinp  tabit-  pive^  uu-  cuDic  ieei  of  ga.-  mcasuruci  a:  oo'  l . 
*Dd  14.7  Txrnndr?  i)cr  snuau-  inci.  wiiici:  are  soiubu  in  one  cubiL  100: 
of  water  a:  la.-  oound.-  Dtessurt  and  diUercn;  icmi)craiuru>. 

*      -  ■  * 


Tetn;.  .  L#e^  .   ■  ,  .  ftc  j,  .- 


Air I  r.-CTT  :'.Cl^=. (.,jriK»:.  ni.irnjxiiji  ■    r^r    .    o"i 

itpocrr. I  a.o^o.i.cj-  .z.z\:>t,    (.LjriniT.  diuxidL  •>'"      v    o^ 


^f 


I .  •»• 


1:.  THE   li£ASUREMEN*7   OI    uA-    B\    MEAN-   OJ    Ok.IFlvE> 

220.   Thamtical  Velocity  and  Weight   Discharged.     -  Ttu    fiov 
is  assumed  adiabati. .     Where  tiic  work  mus:  U  m>  ciusi  iha:  iriciior. 
effects  must  be  allowed  for.  ihi>  i>  generally  donv  \.r\  a;  ^jnyinL:  L-xjieri 
menialiy  determined  coeiiicieni?  t<>  the  rcsuli>  obiained  i-»;'  adiabaii.. 
computationi-. 

FoiioTvinff  the meihod> of  I^caiicuiv.^-  >uniK)Sf  :iis-  wsMi  A  .  1"^il'.  : .  -. 

.    *  ■       •        » 

contain^  a  iriciionie.-?  i)i>ic»:-:  h  an.:  ip.v  LonneranL  l;;.»v-  /'  a  iriciio::- 
less  piston  i  ■".  Le:  1!:l-  ai>M)iJiv  '.irf->;,r,  .'.  h  .«;■  ;v-.,r..:-  ;i.:u! 
the  pressure  on  D  ik-  :"..  ;»oun.:-  \k7  -.i.i.iTi  :-•  '  .\-  /■  :r.^  %r-  :.■  :;u 
righi.  eaca  pouna  01  hj.-  iiu-  ..Kin-  u;k):-.  :  i.-^  •■  ;^r.  :  :  .  v.!\u  uui. 
ix>iiDd  cii  sa^  cnienni:  L ■  ljoj.-  ;;il-  u^rk  :  : . .  ; .  uii.;  :  .'i-iiii;  ::il-  ^:»Lv:i^ 
voiunic^  ;ri  cuijic  let-:  1:  f.v  u,.- 
for  tiie  resucci:"i:  aoMUui;.  :.rs—  |  ' 

suTcs  i-'.  or  P„  ver  -(juar;;  ic>  :.     V  i 


ihc  veiociiy  01  niv  l'u.-  ::.  .-;      "  -" ; 

anri    lilt;     ^'eioci:\    :::   ::.:     :■:.:. 

C  =   r..,  tile  kmL-iit  eniTL'  •.-  .    -    _^__^.^_.^_, 

?eised  by  one  Tn-^ur:  ,  ■■::   l-  :...-. 

...    .        TV-'        "     :•- 
Will    I.K.'  — =-  an.:    -—  rl-:1.^;.^,.    .      ...;  ;  .^  .7.::.:.^      .-..  v-    -1    ^^ 
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£,  and  that  in  C  be  i^     Then  it  foUows,  from  the  assumption  of 
adiabatic  flow,  that 

With  weU-insulated  nozzles  or  pipes  the  condidon  of  adiabatb 
flow  is  very  nearly  realized,  even  if  the  pipe  b  of  considerable  length. 

In  practice  it  b  customary,  where  orifices  are  used  for  measuffi- 
ment,  to  so  proportbn  the  size  of  J  to  the  size  of  the  orifice  thai  Vi 
shall  be  very  small  as  compared  with  F,.  Hence  the  terms  depend* 
ing  upon  the  former  can  usually  be  neglected,  and  solving  for  K,  wt 
may  write, 

V,  =  \/2giE^'^^E^l~P^i\^^^~P^  ft.  per  sec.  (31) 

Now  it  can  be  shown  that  all  the  intrinsic  energy  in  a  gas  is  av^ 
able  for  outside  work  m  an  adiabatic  change  and  that  in  general 

£-- ^. 

r  -  I 

Making  the  substitution  in  (31)  we  then  have 

'      V  -  I     r  -  I  ' 

-\/2g[p.v.[-^^+,)-  P,v,  (^  +  i)]  ft.  p. 
From  the  adiabatic  law  we  may  derive 

T-l 

and  substituting  thb  value  of  PjVi  in  (32)  we  obtain 


V,  = 


atures  are  quite  readily  determini 

titute  for  P,Vi  in  the  above  equal 

s  the  gas  constant  and  T,  the  ab 

Hence  we  will  finally  have  the 

y.,^r.-x-[x-(^)'^jft. 


per  sec. 


Since  temperatures  are  quite  readily  determined,  it  b  more  d 
venient  to  substitute  for  P,Vi  in  the  above  equation  the  equiva 
RT^,  where  R  is  the  gas  constant  and  T,  the  absolute  temperaOd 
in  the  reservoir.     Hence  we  will  finally  have  the  theoretical  v 
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IKiUkacMc-cc 


(54;  it  beoomes  easy  to  fiod  ih&  tqah^iiui:^ 
If  F  is  the  area  of  tfa^  oridce  in  s^uiO't: 
{^adiari^  IfL  cubic  feet  will  tie 


^  =  Fr,  =  J^,   r/i!T, 


=7^-#. 


<  li.  ft- jxj  sec. .   '35; 


tnrmsi,  n  #  jf^  mt  ofsisirr  o:  toe  gits,  n:  pcuiira?  per  c  jUa  i-^^:, 
^  nmdjsun;  itr  wtmk  Y^  is  -daormujiboc .  Loe  wt:ighi  Uiouxcu- 
dkrhgrppc  -^iL  tit 


'v^;  J 


lU.  per  sec. 


/«  pradicc,  eanaTJor.  '.j^o  mus:  be  muitiplieci  by  a  coeiiicicii:  of 
dischaT^t  L.  Trhicn  depeIld^  upoii  Uie  kino  o:  uriiicc  <xiic  ioi  which 
values  "wiH  be  gnm  later. 

22Z«  Vafaie  of  Ite  ¥mmam  P^  —  Sc  far  nothiiic  has  been  :xiiL  o: 
die  x^ue  of  tne  pressure  10  whict  ibe  gas«e>  expanc  m  lui  nozsic  v»r 
orificf.     liuas  been  laciiiv  assumec  Uia:  /'..  i>  aiwav>  Uit  prea^ait  ir. 
die  discnarge  suace  ueyonc:  uir  oribct.       Lxi»vrimrn:.  ^uiw^-wr.  ;.a^ 
shoTTi:  tn£.:  in e  no v-  imacr  ^on•i v  cond  1  lk hi r  icn i o  ■\\>  la^-  r  v.- ; .  n^ : .  , j ..  1 1 . . : 
corresponc  ttiit.  uu-  as>urm>ijn:.      Ai;  t:xu.n._:nci.iio::  u:  L'4Li*iiiv:.     .: 
will  bnng  ou:   uir  errc:   c:  ?ui-:-  «  ^;^l»l»o^:Li^':    ;*i>;    vj:.  Uicuri:i-... 
grounds      A::suniv  il  on*.-  casv  111:::  ii--.    i)rL>>'.-:r:    .:.   iiu    ai>CL;a:L''- 
spacr  i^  euuai  I'  :        Tiie:.  e-^uauor     ;  ■■  wii.  i::vt   1;    =  :.  aij:.  :.... 
is  a  iogica:  resui:.  ior  Liier-  i.-  Uie:.  n     ;)iv>-jr'v   uiiu'I'jIj  -. .     -^'^ ". 
assnmr  iha:  uix:  pressur-j  ir.  ii^v  uui?:ii  .-;iu.^i  .-  :.  i^.^:  .^.  iii^.;  :.;•.-*■ 
ba  periec:  vacuui:..     bu:  ::  /.  lx>li  .  Lin-".    :■•  Uiu.  Vti.:^-. .  l-..^^.. 
(36    wouia  again  triv-j  i'.    =   :.  L»ecij.u-i  ■    v.uuiu  urj:.  >;  c./^...  :     :. 
TJiis  conciUiJOi.  i-  ausur...  urcauM-  unuv:  iia-t-  con-.... !-,>:.>  ;.-  -n-.-uj  ! 
ratber  expec:  maximur..  'j:>ciiarL'v       iit-iK-.   /,.  :.:\   ^rv.— >.:-.  .r.  iul 
orincc.  does  no:   11.  a--   ca^e^   lu.^.   i-    li'*-    ;»rLr.-„r:    .:.    ::.-.    oui^icic 
space. 

It  can  be  abovr  ir.a:  uier-.  -  a.n  incrca.-,  ::.  :;:•.-  how  as  P^  de- 
creases  beiow  /-,  un:..  u  ceru.^:.   niu.:v;xT.u"-   ^.^^iiaige  is  reacheH. 
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It  can  also  be  shown  mathematically  that  this  conditicm 
when 


c-^r 


The  value  of  P,  obtained  from  this  expression,  for  a  gi 

p 

called  the  critical  pressure,  and  the  ratio  -^  the  critical  \ 

theoretical  value  for  air  and  some  other  gases,  for  which 

1.4,  is  ^  =  .527, 

Should  the  pressure  ii 
charge  space  drop  bebw  t 
value  of  P^y  the  latter  she* 
ther  decrease  but  retains 
•527  Pv  GraphicaDy  tl 
tion  of  things  may  be  re 
as  in  Fig.  316,  in  wb 
represents  the  curve  of  < 
From  C  to  J5,  as  P,  dca 
rate  of  discharge  incie; 


Values  of  ^?^ 
Fig.  316. 


LO 


Pt 


=  .527.     Theoretically,  W  should  then  again  deeic 


when  -r;*  =  o,  as  shown  by  the  branch  BO.    Tnstead  0 

becomes  independent  of  the  outside  pressure  and  W  beooi 

bly  constant,  as  shown  by  the  line  BA. 

In  any  practical  case  the  method  of  computation  is  then  z 

/  \  T\  4.       •      *u       4.-      r  Pressure  in  discharge  space 
(a)  Determme  the  ratio  of  — =; ; — ^---— 

Pressure  m  reservoir 
(6)  If  this  is  equal  to  or  greater  than  .527,  substitute  in 

(34),  (35)  and  (36)  for  P^  the  value  of  the  pressure  in  the 

space. 

(c)  If  the  ratio  is  less  than  .527,  substitute  in  the  equati 

a  value  equal  to  .527  of  the  reservoir  pressure. 
222.  Formulas  for  the  Flow  of  Air.  —  Fixing  upon  th 

gas,  air  in  this  case,  allows  of  the  substitution  in  equado 
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d  (36)  for  the  constants  g  —  32.2,  R  —  53.3  and  j-  —  1.405.*    The 
uations  then  become 


V,  -  109.1  C.v/rJi  -  (^y*]  ft  per  sec  (38) 

Q   -  io9.iCFy  rJi  -  /^y^'lcu.  ft  per  sec.    (39) 

nd  ly  -  109.1  CFay  rJi  -  (?')'*1  Ibs.  per  sec.       (40) 

1  whkh  C«  and  C  are  the  coefficients  of  velocity  and  of  discharge 
espectively.  Within  the  assumptions  made,  these  formulas  are 
sact  and  must  be  used  whenever  there  is  any  considerable  change 

i  density  in  passing  from  P^  to  P,.    When  the  change  of  density 

p 
B  small,  that  is,  when  the  ratio  ^  is,  say,  not  less  than  .9,  there 

iie  certain  substitutions  that  may  be  made  which  simplify  the 
Mmerical  work  involved  without  introducing  great  errors.  But 
lodgment  must  be  exercised  in  the  use  of  such  approximate 
Mpiations.  In  this  connection  see  papers  by  S.  A.  Moss  in  Power 
br  Sept  30  and  27, 1906,  and  by  R.  J.  Durley,  Trans.  A.S.M.E., 
1905. 

Note  particularly  that  P,  is  the  pressure  in  the  discharge  space 
■I78S  long  as  the  latter  is  not  less  than  .527  P|.  For  the  condition 
|f  lower  pressures  than  ibh  in  the  discharge  space,  P,  remains  at 
k  critical  value,  and  the  area  F  is  that  cross  section  of  orifice  or 
pide  at  which  P,  is  established.  Further,  d  is  the  density  accord- 
Hto  the  pressure  Pt  and  the  temperature  T,.  Unless  P,  is  also 
^pressure  in  the  discharge  space,  T,  is  hard  to  determine,  and 
ould  be  substituted  for  in  terms  of  Pj,  T,  and  R.  This  can  be 
Qeas  follows:  From  a  combination  of  the  adiabatic  law  and  of  the 
tatbn  of  state  for  gas,  we  may  write 

V,      vApJ        RT^\PJ 
♦  y  change  with  temperature,  see  Chapter  XXI  under  "  Specific  Heat." 
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Substituting  this  in  d 
the  special  equation   40.  -ve  obtsm. 


R'-FP.*/  ^-!-— ^ — i   V.    -I'C^'i  ' 


i*...' 


rbswp&sec    ( 


and     W  =  ZX547  CFF^  \  ^  1    ^  1       —  '  -^\       |  Dbs.  per  sec 

Equations  4j:  ^^a  xi-  am  pmbablj  the  most  servxeabie, 
former  giving  ±e  "heorgffcai  -iiscnarse  5ar  any  gas,  the  latia 
actual  disc'targe  ^sr  jir  joii  icher  sses  oar  wrtich  ;-  =  about  l 
The  ioUowing  table  :2r7es  TaLues  of  ;-  dqf  ^ame  of  the  more  con 
s,  for  ordinary  camiitians  if  presure  and  remperanire. 

F'lrair.  j  =  1.4C2 


arrnnsphenr  TninjguL.  y  -=  1.408 

hydiDigES^  Y  =  1.470 

CO,  ;-  =  1.408 

OX  ;-  =  r-2Q6 

273.  Taltts  of  tliK  OMUriiinr  dt  DiBdHBse  C.  —  No  defin 
formation  seems  to  be  available  concttmng  the  \'alue  of  C  &)i 
pressure  work.  For  low  presauies  die  following  ngures  n 
useti.  For  high-pressure  work,  and  indeed  for  all  accurate 
each  orifice  afaould  be  specially  calibxated.  The  scheme  mer 
in  Art.  224  may  sometimes  be  used  when  it  is  desired  to  avo 
bration  in  connection  with  high  pressures. 

For  the  purpose  of  measurement  it  seems  best,  judging  fi 
data  now  available,  to  choose  a  bell-mouth  orifice.  This  \ 
apparent  upon  examinadon  of  the  values  given  below  for  t 
^nt  C.     A  well-rounded  orifice  has  a  constant  close  to  . 

above  all,  this  figure  does  not  change  materially  with  a  \'ari 

p 
the  ratio  -^  -     Both  Him  and  Rateau  have  shown  this,  the 

tor  air  and  the  latter  for  steam.  For  an  orifice  in  a  thin  pla 
short  cylindrical  mouth-pieces  with  sharp  edges,  the  dischaj 
scMit  varies  with  the  pressure  ratio.  It  may  be  near  .6  for  ] 
ratiu^  ia  die  nj^f^iborbood  of  .9  or  above  and  may  rise  t 


f-" 
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ure  ratios  near  .5.    The  work  of  Him  and  Rateau  confirm  this, 
Weisbach  also  found  this,  as  indicated  below, 
^^^eisbach  determined  the  following  values  of  C  for  air: 

moidal  mouth-piece  of  the  form  of  the  contracted 
"'vein,  with  effective  pressures  of  0.23  to  i.i  at- 
mospheres  0.97  to  0.99 

ular  sharp-edged  orifices o- 5^3  to  o. 788 

•rt  cylindrical  mouth-pieces 0.81  to  0.84 

same  rounded  at  the  inner  end 0.92  to  0.93 

converging  mouth-pieces 0.90  to  0.99 

Moss  *  foimd  the  coeflScient  of  discharge  C  to  be  on  the  average 
^1942  for  moderate  pressures,  say  up  to  8  pounds  above  the  atmos- 
"]|diere,  and  for  a  well-rounded  orifice  i  inch  in  diameter,  the  straight 
^rtion  having  a  length  of  about  i\  inches. 

Prof.  R.  J.  Duriey,  in  the  paper  above  mentioned,  gives  coefficioits 
of  discharge  for  circular  orifices  in  thin  plates  up  to  4.5  inches 
diameter  for  pressures  up  to  5  inches  water.    (See  table.)    The  thick- 


Diameter  of  Orifice, 
Inches. 


Pressure  in  Inches  Water. 


t 


2  . 

3- 
3l 
4  . 


ness  of  the  orifice  plates  was  .057  inch.  The  orifices  were  placed 
in  the  end  wall  of  a  long  box  of  considerably  greater  cross  section,  so 
that  the  initial  velocity  could  be  neglected.  For  consistent  results 
it  was  found  that  the  cross  section  of  the  box  should  be  at  least  20 
times  that  of  the  orifice.  Pressure  and  temperature  were  measured 
about   5  feet  back   from  the   orifice,   the   manometer  connection 


♦  S.  A-  Moss,  Power,  Aug.  10,  1905. 
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being  carried  through  ibe  wall  so  as  to  be  Bush  n-ith  th 
surface. 

The  older  work  of  Him*  on  the  flow  of  air  through  orifit 
nozzles  showed  that  for  a  properly  designed  nozzle  the  dh 
coefficient  C  varied  but  slightly  with  pressure  ratios  varyin 
p 
p"  =•  .52  to  .99,  and  found  C  =  .966  to  .985  for  a  noazle 

degrees  convergence,  and  C  =  .980  to  .991  for  a  noasle  i 
degrees  convergence. 

For  an  orifice  in  a  thin  plate  he  found  the  following  result 

^=  -95         -9  -S  .7  .6  .5 

c-  .627     .640     .674     .708     .741     .773 


This  series  is  recomputed  from  the  values  given  by  Him,  ant 

sents  the  ratio  of  the  discharge  volume  of  the  thin-plate  ori&ci 

theoretical    discharge  volume  of 

mouth  orifice  (not  lo  the  discharge 

of  a  convergent  nozzle,  as  Him  gi\ 

One  of  the  most  recent  investigat 

this  subject  is  that  made  by  A.  O, 

and  reported  in  the  Zeiischrifl  des 

dtutscher  Ingenieure,  Feb.  22,  1908 

paper  describes  the  testing  apparai 

the   equations  applying  to   each  i 

detail.      Tlie   pressure   differences 

small,    Muller    neglected    diffeter 

p,(;_  ,,.  densiiy  in  the  gas  on  the  two  sides 

orifices  and  used  the  simplified  fc 

V  =  CF  V2  gh  or  V  "  KF  V2  gh  (see  below) ,  in  whic 
volume  in  cubic  feet  per  second  and  h  is  the  pressure  dil 
expressed  in  feet  of  gas  column  at  the  density  corresponding 
reservoir  pressure.  It  should  therefore  be  remembered  tl 
coefficients  quoted  below  apply  to  low-pressure  work  only. 

The  dimensions  of  the  orifice  used  are  given  in  Fig.  317. 
cases  were  investigated: 

*  AimaUs  dt  Ckimie  el  dt  Physique,  U&rch,  1SS6. 
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C^)  Flow  from  the  receiver  through  the  orifice  direct  into  the 
sphere. 

C.^)  Flow  from  the  receiver  through  the  orifice  into  a  tube  having 
internal  diameter  of  3.22  inches. 

C3)  Flow  through  an  orifice,  placed  at  the  end  of  a  tube  having  an 
Vernal  diameter  of  3.22  inches,  into  the  atmosphere. 

(4)  Flow  through  an  orifice  placed  across  a  pipe  having  an  internal 
meter  of  .3.22  inches. 

The  conditions  of  flow  are  indicated  in  Figs.  318  to  321.     In  cases 

r),  (3)  and  (4)  the  flow  is  affected  by  the  varying  ratios  of  the  area 

F 
d  orifice  F  to  the  tube  area  JPj.    This  ratio  —  in  the  following  tables 

-^1 


indicated  by  m. 

The  pressure  differences  used  in  this  work  did  not  exceed  about 
inches  water.     The  results  obtained  by  Muller  for  case  (i)  agree 
^¥ery  well  with  those  found  by  Durley.    In  the  other  three  cases  the 
constant  is  largely  affected  by  the  conditions,  that  is,  by  the  ratio  m 
ind  the  friction  in  the  length  of  the  tube  /,  the  latter  being  measured 
.  as  shown.     The  constant  is  in  the  latter  cases  radically  different 
"  from  the  constant  C  applying  to  the  thin- 
plate  orifice  alone,  and  has  been  designated 
therefore  by   the  letter  K,     There  is   a 
certain   relation    between   C    and  K  by 
Cleans  of  which  in  any  given  case,  after  C 
is  determined  from  experimental  data  avail- 
able, K  may  be  computed,  taking  into 
account  the  ratio  m  and  the  friction  loss 
in   the   length  /.     For  the  derivation  of 
this    relation   see   the   paper   mentioned. 
Below   the    equation    is   given  for   each 
case. 

Case  (i) 
Diameter  of  orifice,  inches. 
Range  of  pressures  above  atm.,  in.  H^O,  .37-2.32 
Mean  coefficient  C,  .597 


Fig.  318. 


.92 


1.73         2.44 

29-1.45    .21-96 

.598         .596 
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Case  (2) 


where  I  is  expressed  in  fee 

Diameter  of  orifice,  inchej 

Range  of  pressures  above 

F 

^1      "* 

K  (determined), 

C  (computed), 

tj/inay  be  taken  equal 
.                                 -92 
atm.,  in.  H^O,  .19-2.2 

.082 

.632 
.602 

to  .124. 
■■73 
.21-2.2     .01 

.287 

.68; 
•S8s 

~*lI^-? 

^^^ 

1           1 

Case  (3) 

K  - 

/  and  /  same  as  in  case  (2 

Diameter  of  orifice,  inche 

Range  of  pressures  above 

F 

F,      '" 

K  (determined), 

C  (computed) , 

c 

Vi  -  (I  -_fl)  m'C 
■ 

.92 
atm.,  in.  H,0,  .12-4.2 

.081 

.603 
.602 

■■73 
.16-3.8  .IJ 

.287 

.644 
■633 
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Case  (4) 


Fig.  321. 


^=v/y?-'+(^— J 


m 


.082 


1-73 

2.44 

12-3.5 

.07-2.5 

.287 

.578 

•750 

1.084 

.621 

.697 

t  and/same  as  in  case  (2). 

I>iameter  of  orifice,  inches,  92 

lElange  of  pressures  above  atm.,  in.  H,0,  .20-3.4 

JP 

JST  (determined),  .641 

C  (computed),  .609 

224.  Necessary  Precautions  in  Orifice  Methods.  —  Great  care 
must  be  taken  in  measuring  air  by  means  of  orifices  that  flow  may 
take  place  and  observations  may  be  made  in  the  same  way  as  in  the 
original  experiment  for  the  determination  of  the  constant.  It  is 
best,  when  possible,  to  consult  the  original  report  in  order  to  be  able 
to  correctly  reproduce  the  conditions. 

In  general,  attention  must  be  given  to  the  following  points: 
(i)  The  orifices  must  be  carefully  and  accurately  made  and  cor- 
rectly measured. 

(2)  The  velocity  of  approach  must  be  reduced  to  a  negligible 
value. 

(3)  The  pressure  must  be  measured  in  such  a  way  as  to  get  least 
disturbance  of  flowing  gas.  The  common  method  is  to  connect  the 
manometer  to  a  tube  which  passes  perpendicularly  through  the  walls 
of  the  reservoir  or  pipe  just  ahead  of  the  orifice.  The  inner  end  of 
the  tube  must  be  flush  with  the  inner  surface  of  the  wall.     . 

(4)  Leakage  must  be  prevented  or  its  value  determined  and  cor- 
rections made. 

(5)  All  changes  of  section  immediately  preceding  the  orifice  should 
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be  avoided  when  possible,  and  if  absolutely  necessarj'  shouM  be 

gradual  and  rounded. 

(6)   Steady  conditions  of  flow  must,  if  possible,  be  secured  duiBl| 

measurements. 

With  proper  precautions  this  method  b  capable  of  giving  resrfl 

accurate  to  i  or  2  per  cent,  and  with  extreme  care  an  accuracy  nd 

within  I  per  cent  can  be  obtained. 

For  measurement  by  means  of  orifices  when  the  pressure  diffd 

ences  are  greater  than  those  for  which  reliable  values  of  the  constant 
are  available,  it  is  only  necessaiyl 
reduce  the  high  reservoir  pressot 
by  throttling  into  another  ves 
from  which  the  flow  to  the  orif 
takes  place.  Care  should  then 
taken  to  insure  against  disD 
bances  caused  by  throttling  i 
discharge.  This  can  alwaj-i 
done  by  allowing  sufficient  ^& 
tance  between  the  orifice  and 
point  at  which  throttling  ta 
place. 


225.   The  Gasometer. -H 

simplest  form  of  gas  meter 
the  well-known  gas  holder,  orj 
called  gasotneier.  Thisappand 
consists  essentially  of  a  lank; 
Fig.  322,  containing  water  or  other  liquid  into  which 
inverted  tank  B  called  ihe  bell.  The  piping  may  be  j 
in  Fig.  322,  or  separate  inlet  and  outlet  pipes  may  be  used^ 
bell  is  either  entirely  or  partly  counterbalanced  by  a  we^ 
defending  upon  the  gas  pressure  desired.  This  method  of  c 
balancing,  if  used  alone,  would  result  in  a  pressure  cha — ~* 
gas  as  the  bell  ascends  or  descends  on  account  of  differe 
of  immersion  of  the  bell.    To  allow  for  this  a  compeDsating  \ 


FtO.     323 


~  Gasometer. 
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Fio.  J23.  — Meter  Provei 
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large  and  accurately  guided,  a  reading  of  the  movement  of  the  ixl 
at  a  single  station  may  be  sufficient,  otherwise  simultaneous  readinlj 
at  not  less  than  three  stations  are  recommended. 

Gasometers  may  be  calibrated  either  by  computation  or  by  acta 
experiment.  The  former  method  should  be  used  only  where  |l 
bell  is  comparatively  small,  so  that  the  diameter  can  be  accuiat! 
measured,  and  where  it  is  accurately  cylindrical.  Where  the  seed 
method  of  calibration  can  be  applied  it  should  always  be  used* 
preference  to  the  first. 

Gasometers  are  used  in  two  ways,  —  to  measure  gas  itomt' 
ducer  or  to  a  consumer,  and  largely  also  to  cahbrale  other  typs 
meters,  in  which  case  the)'  are  usually  called  meler  provers. 

The  former  method  of  service  needs  no  further  expIanalioD. 
is  intermiltent  unless  two  gasometers  are  used  in  parallel,  one  en 
ing  while  the  other  is  filling. 

Meter  provers  are  simply  accurately  constructed  and  careh 
calibrated  gasometers.     A  X.y\x  of  one  of  these  in  elevadon  is 
in  Fig.  323. 

226.  Gas  Meters.  —  It  was  stated  above  tliat  a  single  gasomti 
cannot  be  useii  for  continuous  measurement.  Gas  metere  are  I 
ally  simply  adaptations  of  the  | 
ometer  principle  modified  so  as  to 
continuously.  They  are  of  two. 
tinct  classes,  wet  and  dry. 
Wei  Meters.  —  The  method 
■T^  operation  of  a  meter  of  this  tvpl 
best  explained  by  the  con\-entiai 
sketch,  Fig.  324.*  which  shcn^ 
cross  section.  The  meter  ci 
a  horizontal  drum  which  lotslfi 
a  stationary  drum  and 
info  four  compartments,  A,B,Ci 
The  lower  part  of  the  Totaling  drum  dips  into  water  which 
and  closes  the  slots  or  ports  abed,  by  which  the 
through  the  central  pipe  fi  enters  the  respective  coi 
and  also  controls  the  outlet  ports  a'b'c'd'  through  wl 
•  See  Gramberg,  Tcckmscke  MessuH^n,  p.  lai. 
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e  compartments  and  reaches  the  discharge  side  of  the 
F.  With  the  rotation  of  the  drum  as  shown  by  the  arrow, 
seen  that  B  is  filling  with  gas,  while  the  filling  of  C  just 
1  is  discharging,  while  the  discharge  of  D  is  just  about 
1.  No  gas  can  go  through  the  meter  without  registration, 
n  no  compartment  will  the  in-  and  outlet  ports  be  open  at 
time.  Rotation  k  produced  by  the  fact  that  on  account 
ghtly  greater  pressure  at  the  inlet,  the  water  level  will  be 
igher  on  the  right  side  of  the  meter.  Hence  this  half  is 
isly  heavier  than  the  left  side  and  descends, 
meter  is  not  used  much  in 
because  it  is  not  easy  to 
ports  at  the  center  and  in 
'all  of  the  drum  of  sufficient 
many  constructions,  there- 
ports  are  placed  in  the  end 
inlet  ports  at  one  end,  the 
ts  at  the  other.  The  com- 
walls  are  spirally  twisted, 
'.  is  necessary  to  offset  the 
ut  the  same  as  in  Fig.  324. 
len  passes  nearly  azially  in- 
radially  through  the  meter. 
:  Fig.  325,  in  which  the  cylindrical  side  wall  of  the  drum  has 
)ved,  may  make  the  construction  clear. 
:urate  indication  of  wet  meters  depends  upon  the  height 
ter  level  in  the  chambers,  since  the  capacity  of  the  latter 
h  a  drop  or  rise  in  the  water  level.  It  is  therefore  essential 
le  checked  from  time  to  time,  because  the  gas  passing  will 
turate  itself  and  lower  the  level.  Meters  constructed  for 
tal  purposes  are  usually  furnished  with  a  fill-  and  an  over- 
ing.  Through  the  former  water  is  fed  into  the  housing 
ows  at  the  latter  opening.  The  meter  is  then  allowed  to 
until  the  flow  of  water  through  the  overflow  ceases,  and 
hgs  axe  then  closed.  Large  meters,  such  as  station  meters, 
furnished  with  continuous  water  circulation  to  maintain 
r  level.     Any  wet  meter  to  be  used  for  accurate  work 
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should  be  supplied  with  spirit  leveL  or  levdb.  5c 
true  every  time  it  is  used. 

As  in  the  cjiAt,  of  gasometers,  the  obseradccL:  z»rr±r^\   'y<i 
the  movement  of  the  drum,  which  is  usuallv  mechaaicaZT  t^^.z-j^k 
dials  suitably  grarluated,  are  pressure  and  temperxnr*.     7b:  ^ 
sure  determination  should  be  made  in  the  "irmg  iizaziber  lia: 
enri  of  the  filling  operation,  while  the  temperamre  sh^iiJi  jti 
of  the  gas  near  the  outlet.     It  is  desirable  to  save  2ii  iiJ.  -nar] 
temf^rature  as  close  together  as  possible,  and  jo  ha.T»  -zt.  -ivtf] 
saturated  with  the  gas. 

Dry  Gaa  Meters:.  —  The  dry  gas  meter  pos'ys^ses 
of  not  being  alTccted   by  frost  nor  of  mrTpgL^fng  the  azaxaarf] 
moisture  in  the  gas.     It  is  made  in  various  forms,  and  zenenllTf 
sists  of  two  chamVjers  separaterl  from  each  other  by  paxt:!ioQ^.  Eadk 
chaml'>er  is  rlivided  into  two  parts  by  a  flexible  partitioa  vhxh  aon 
bar.lcward.*^  and  forwards,  and  actuates  the  recording  ?rMyftaak» 
as  the  gas  flo^vs  in  or  out     This  motion  is  regulated  by  slide  tihcs 
vjmewhat  similar  to  those  of  a  steam  engine.     A  type  ^T^implf  of 
such  a  meter  i^^  illustrated  in  Figs.  326  to  328.*    The  xnexsx  dsing 
is  divided  into  two  exterior  measuring  chambers  PP  by  a  venial 
partition.     On  each  sirle  of  this  partition  there  are  located  two  is- 
tenor  measuring  chambers  QQ,  which  consist  of  two  movable  disb 
DfJ  and  flexible  shells.     In  Fig.  328,  the  left-hand  side  shows  the 
interior  mc*a.-iuring  chamber  exhausted,  whQe  at  the  right  the  chamber 
Q  i.-j  filled.     Gas  is  a^lmitted  from  the  inlet  pipe  A  to  the  measuring 
chamber^  on  the  -ame  side  of  the  central  partition,  that  is,  to  P  and  Q 
alternately,  by  means  of  simple  slide  valves  V.    As  Q  fills,  a  cone- 
sfx^nding  quantity  of  gas  is  displaced  out  of  P,  flows  throu^  the 
center  [xjrt  of  valve  V  and  finds  its  way  into  passages  E  and  into  the 
discharge  pifx:  B.     Guides  ////  are  provided  to  preserve  parallel 
motion  of  the  disks  D.     The  motion  of  the  latter  is  transmitted 
through  G  and  nxls  R  to  the  crank  mechanism  KKNj  which  turns  a 
short  vertical  .-pindle.     The  length  of  the  crank,  in  order  to  regulate 
the  disk  travel,  may  be  changed  by  adjusting  the  position  of  the  pin 
iV  m  the  slot  shown.    The  motion  of  the  spindle  is  tmnsmitted  to  the 

•Webber.  Town  Gas  and  its  Us 
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Fics.  326-318.— Type  op  Dr\  Gas  Meter. 


wheel  and  shaft  5.  The  crank  O,  see  Fig.  327,  operates 
valves. 

hy  Meters  «rf  Irfu^e  Capacity.  —  The  ordinary  gas  meter, 
wet  or  dry,  soon  reaches  great  proportions  when  it  is  at- 
o  handle  large  quantities  of  gas.     To  obtain  large  capacity 
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with  moderate  size,  several  niodi6calions  of  the  drj-  meter  have  bmi 
brought  out.  Fig.  329  shows  a  rotary  or  turbine  meter,  the  operatioa 
of  which  is  plain  from  the  cut.  This  type  of  meter  has  a  minimuB 
limit,  like  the  water  meter  of  similar  construction,  in  that  it  requite* 
a  certain  velocity  of  flow  to  overcome  the  frictionaJ  resistance  of  ll 


Fig.  sag. — Rotary  oh  Tltibine  Gas  Meter. 


mechanism.     Such  a  meter  gives  nearly  unrestricted  passage  and 
consequently  of  large  capacity. 

Another  method  of  reaching  the  same  end  is  to  use  the  si 
principle,  that  is,  to  actually  meter  only  a  definite  proportional 
of  the  total  quantity  flowing.     Such  a  construction  really  con 
of  two  distinct  parts;  a  meter,  either  wet  or  dry,  but  usu 
latter,  is  placed  in  the  smaller  shunt  pipe,  while  the  tnain  ] 
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ns  a  pressure  regulating  mechanism  which  is  designed  to  main- 
n  a  definite  proportion  between  the  volumes  passing  the  two  pipes 
widely  varying  inlet  pressures.  The  accuracy  of  the  meter 
lends  directly  upon  how  well  the  regulating  mechanism  performs 
functions  of  maintaining  proportionality. 

128.  Calibration  of  Meters  and  the  Relative  Accuracy  of  Wet  and 
y  Meters.  —  It  should  be  made  a  general  rule  that  no  meter  be 
xi  for  experimental  work  imless  it  be  calibrated.  This  holds  espe- 
illy  for  dry  meters,  as  this  class  is  usually  inferior  to  wet  meters  as 
r  as  accuracy  is  concerned.  The  only  way  to  calibrate  is  to  send 
draw  through  the  meter  a  definite  volume  of  gas  for  which  the 
essure  and  temperature  are  known.  In  every  case  a  calibration 
ive  covering  a  range  of  rates  of  flow  should  be  determined,  and 
prevent  imnecessary  computations  it  is  well  to  construct  this  curve 
r  standard  conditions,  which  for  gas  work  are  fast  becoming  fixed 
60°  F.  and  14.7  poimds  pressure. 

For  small  meters,  such  as  the  Junker  gas  calorimeter  meter,  a 
ttle  holding  several  liters  may  be  conveniently  used  for  calibration, 
air  or  gas  being  displaced  and  sent  through  the  meter  at  different 
es  by  water  displacement  For  larger  meters  the  meter  prover 
I  have  to  be  used. 

129.  Gas-meter  Capacities.  —  Gas  meters  are  often  rated  accord- 
to  the  number  of  gas  burners  they  will  supply,  a  burner  being 
d  at  somewhat  over  5  cubic  feet  of  gas  per  hour.  Thus,  a  10- 
t  meter  is  good  for  a  normal  capacity  of  about  50  cubic  feet  per 
r,  a  200-light  meter  will  have  a  capacity  of  about  1000  cubic  feet 
hour.  A  dry  meter  of  the  latter  capacity  would  call  for  about 
inch  pipe  connection. 

leters  of  the  rotary  type  are  made  in  capacities  from  about  1500 
00,000  cubic  feet  per  hour.  For  the  latter  meter,  the  pipe  con- 
tion  would  be  about  30  inches,  for  the  former  about  3  inches. 
portional  meters  can  be  had  with  capacities  up  to  200,000  cubic 
per  hour. 

^o.  Reservoir  Method  of  Measuring  Air  or  Other  Gases.  —  This 
hod  is  somewhat  similar  to  the  gasometer  method  except  that 
w)lume  instead  of  the  pressure  is  kept  constant.  It  is  sometimes 
I  in  measuring  the  discharge  of  air  compressors.     For  this  pur- 


pressor  may  also  discharge  between  trials.  Concerning  the  p: 
determination,  it  is  well  to  state  that  if  a  gauge  is  used  p, 
be  taken  at  some  pressure  above  the  atmosphere,  as  the  gaug 
cations  are  generally  very  uncertain  near  the  zero  of  the  scale, 
bad  feature  of  the  receiver  method  of  measuring  air  consists 
determination  of  the  average  air  temperature.  The  lempoa 
not  likely  to  remain  constant  during  a  given  trial,  but  changes, 
the  different  temperature  of  the  incoming  air,  to  the  heat  del 
by  compression  in  the  receiver  itself,  and  to  the  loss  by  rat 
If  possible,  the  higher  pressure  should  be  maintained  in  Ui 
until  the  final  temperature  is  determined,  which  is  not  parti 
easy  where  the  volume  is  lai^e.  H  the  latter  method  is  ado 
tight  tank  is  an  absolute  requirement 

As  far  as  the  computations  are  concerned,  the  result  will 
pressed  in  weight  of  air,  since  the  volume  V  of  the  tank  in  cu 
is  a  constant.  For  the  condition  at  the  beginning,  the  tank  o 
a  weight  of  air  equal  to 

VP 

W,  =  ^  pounds, 

53-3  T^  *^ 
53.3  being  the  value  of  the  constant  R  for  air  and  P  the  t 
pressure  in  pounds  per  square  foot. 
For  the  end  condition  we  have  similarly 
VP,    ^_ 
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I  discbarge  when  the  pressure  and  temperature  conditions 
tie  given. 

In  case  the  gas  consumption  of  any  given  machine  or  apparatus, 
IS  for  instance  a  gas  engine,  is  desired,  the  above  described  receiver 
method  may  be  inverted;  that  is,  the  tank  is  pumped  up  to  a  high 
pressure  and  the  gas  is  then  throttled  to  the  desired  pressure.  The 
measurements  and  computations  are  the  same  as  above.  The 
method  is  likely  to  give  better  results  because  the  temperature 
determination  can  be  made  in  the  outlet  pipe  with  more  certainty 
of  obtaining  an  average. 


IV.  HEASDREUENT  OF  GAS  BY  DBTERUINATION  OF  f 

The  principal  instruments  used  for  this  purpose  are  anemometers, 
Pilot  tubes,  and  Venturi  meters. 

131.  Anemometers,  as  far  as  the  principle  of  their  action  is  con- 
cerned, are  very  similar  to  ciuTent  meters,  see  Art.  210,  p.  402,  and 
vhat  is  stated  there  concern- 
if  accuracy  applies  equally 
weQ  to  these  instruments. 
Anemometer  wheels  are  of 
course  built  as  light  as  pos- 
nUe  consistent  with  stiffness, 
tuounted  in  bearings  that  can 
be  nicely  adjusted,  and  are 
wry  carefully  balanced. 

K  form  shown  in  Fig.  330 
*itb  fiat  vanes,  and  with  the 
lial  arranged  in  the  center  as 
Inwn,  or  on  top  of  the  case 
Q  rarious  positions,  is  much 
Lsed  as  a  portable  instrumenL 

The  dial  mechanism  of  the 
nemometer  can  be  started  or 
Ujpped  by  a  trip  arranged 
Mvenient  to  the  operator;  in  some  instances  the  dial  mechanism  is 
perated  by  an  electric  current  similar  to  that  described  in  connection 
Tth  the  current  meter.     They  can  also  be  made  self-recording  by 


—  Anemometer. 
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attaching  clockwork  carrying  an  endless  paper  strip  which  is  mo™l 
under  a  pencil  operated  by  the  anemometer  mechanism. 

Robinson's  anemometer,  which  consists  of  hemispherical  cupi 
revolving  around  a  vertical  axis,  is  much  used  for  meteorologies 
observations.  Thb  type  of  instrument  can  be  used  6 
velocities  than  the  other;  ii  is  good  for  about  200  ft.  per  s 
the  other  often  fails  at  al>out  100  ft.  per  sec. 

Calibration  of  Anemonieicrs.  — Anemometers  are  calibrated  b 
moving  them  at  a  constant  velocity  through  still  air  and  noting  tl 
readings  on  the  dials  for  \'ariou>  rates  of  movement  This  is  u&iuQ 
done  by  mounting  the  anemometer  rigidly  on  a  long  horizonml  u 
which  can  be  rotated  about  a  vertical  axis  at  a  constant  speed. 
distance  moved  by  the  anemometer  in  a  given  time  is  computei 
from  the  known  distance  to  the  axis  and  the  number  of  revolution 
per  minute;  from  these  data  the  velocity  is  computed. 

In  performing  this  experiment  care  must  be  taken  that  the  anso 
the  anemometer  is  at  right  angles  to  the  rotating  arm,  Readingl 
should  be  taken  at  various  speeds,  since  the  correction  is  seldol? 
either  a  constant  quantity  or  one  directly  dependent  on  the  velociljl 

Anemometers  can  also  be  calibrated  by  measuring  the  quaiitil] 
of  air  flowing  through  a  conduit  with  some  other  apparatus  and  a 
paring  the  anemometer  reading  in  the  same  conduit  with  the  velod( 
thus  determined.  The  tcsl  should  be  made  with  different  qua 
ties  so  as  to  calibrate  the  anemometer  over  its  entire  range,  Soia 
times  such  a  test  is  made  by  placing  the  anemometer  in  a  pipew 
tightly  fits  the  casing,  thus  causing  all  of  the  air  measured  top 
through  it,  computing  the  actual  velocity  from  volume  and  ti 
section.  It  will  in  general  be  found,  on  comparing  the  resu!t«r 
that  obtained  for  the  same  artual  velocity  when  swinging  the  si 
mometer  through  still  air,  that  the  results  do  not  check,  but  that  I 
velocity  shown  in  the  latter  case,  where  the  air  may  pass  a 
the  outside  of  the  anemometer  case,  is  less  than  Ihal  given  by 
former  method.  The  difference  may  amoimt  to  20  per  cent,ii 
becomes  a  question  to  decide  which  one  of  the  calibration  resO 
the  one  to  use.  Evidently  the  conditions  of  calibration  are  H 
same.  That  being  the  case,  it  is  next  evident  that  the 
under  which  the  anemometer  is  used  should  determine  tht 
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calibration.  If,  for  instance,  the  velocity  of  the  wind  is  to  be 
ind,  the  anemometer  should  be  calibrated  by  swinging  it.  On  the 
er  hand,  if  the  cross  section  of  the  pipe  or  duct  in  which  gas 
xity  is  measured  is  not  very  great  as  compared  with  the  size 
he  anemometer,  evidentiy  the  second  method  of  calibration  is  to 
preferred.  But  between  these  extremes  there  are  a  variety  of 
rmediate  cases,  and  this  fact  is  what  makes  the  anemometer  in 
e  instances  an  unreliable  instrument. 

p.  Precautions  Necessary  in  the  Use  of  Anemometers.  —  These 
ruments  possess  upper  and  lower  velocity  limits  beyond  which 
'  should  not  be  used.  When  the  velocity  is  very  low  the  friction 
be  instrument  is  relatively  so  great  as  to  make  it  unreliable  or 
Uy  inoperative,  as  is  the  case  with  current  meters.  When  the 
city  is  very  high  an  anemometer  built  for  ordinary  service  is  apt 
e  bent  out  of  shape,  due  to  its  light  construction,  and  the  friction 
is  often  considerably  increased. 

tie  to  the  delicate  construction  of  most  of  these  instruments  they 
lire  careful  handling,  and  they  should  be  frequently  calibrated 
iard  against  changes  of  the  calibration  constants  due  to  bending 
le  vanes,  wear  of  parts,  etc. 

(3.  Measurement  of  Gas  by  Means  of  Pitot  Tubes.  —  The  device 
ribed  in  Arts.  213  to  215  for  use  with  water  may  also  be  used  for 
suring  the  velocity  of  gases,  and  the  statements  there  made  con- 
mg  accuracy,  etc.,  apply  in  general  also  to  this  case.  The 
:ity  may  be  computed  from  the  formula 

K  =  CvT^  (44) 

hich  C  is  an  experimentally  determined  constant  and  H  is  the 
city  head.  H  depends  upon  the  gas  used,  and  care  must  be 
n  to  compute  it  properly  from  the  velocity  head  as  measured, 
ater  is  used  as  the  manometer  liquid,  let  h  =  the  velocity  head 
^'ater  inches.  Then  H  =  hr,  where  r  is  the  number  of  feet  of 
which  will  give  the  same  pressure  as  i  inch  of  water.  In  general, 
any  manometer  liquid  H  =  kh'r,  where  r  is  as  above,  h'  = 
cit>'  head  as  measured  in  inches,  and  k  is  the  density  of  the 
IOmeter  liquid  as  compared  with  water.  C  should  be  close  to 
if  all  conditions  are  properly  adjusted, 
or  a  temperature  of  60^  F.  and  a  barometric  pressure  of  29.92 
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inches  Hg,  i  inch  of  water  column  will  balance  68  feet  of  dry  li 
or  f  =  68. 

It  should  be  noted  that  for  ordinary  gas  velocities  the  Ktai 
manometer  reading  may  be  verj-  small,  so  that  it  is  very  difficult  I 
guard  against  appreciable  errors  in  the  calculated  velocities, 
best  that  can  be  done  is  to  use  some  form  of  differential  manomeU 
so  as  to  make  the  manometer  reading  as  reliable  as  possible;  i 
Art.  91,  p.  174. 

The  density  of  gas  increases  directly  with  the  absolute  pressnl 
and  inversely  as  the  absolute  temperature;  it  varies  also  1 
moisture,  so  that  corrections  are  required  for  pressure,  temperatiil% 
and  the  amount  of  moisture. 

Wlien  the  precautions  and  directions  laid  down  for  the  use  of  Al 
Pilot  tube  with  Water  are  observed,  the  instrument  will  give  si 
factory  results  also  for  gases.     A  thorough  discussion  of  the  ua 

the  Pitot  tube  for  the  measurement  of  gases  flowing  in  pipes  b  gi 

by  R.  Threlfall  in  a  jiaper  before  the  British  Institution  of  Meda 
cal  Engineers  in  1904, 

334.   Heasurement  of  Gas  by  Venturi  Meter.  —  Recent  1 
ments  show  the  Venturi  meter  to  be  a  salisf actor\-  instrument  for  f 
measurement  of  gases.*     For  the  theorj'   for  this  instrument  i 
Art.  19s,  p.  369. 

The  formula  for  velocity  in  the  throat  of  such  a  meter  b 


C^Yffi 


© 


in  which 

Subscripts  i  refer  to  the  upstream  end  of  meter, 

Subscripts  2  refer  to  the  throat  of  meter, 

P  is  the  pressure  in  pounds  per  square  foot, 

3  is  the  density  of  the  gas  being  metered,  pounds  per  cubic  fa 

F  is  the  area  in  square  feet. 


•  See  paper  "The  Flow  of  Fluids  ii 
.  S.  M.  E.,  Vol.  18,  p.  483. 


1  Vealuri  Tube,"  by  E.  P.  Colem 
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c 

is  the  latio  of  specific  heats,  -p^ ,  and 

is  an  eiq)erimentally  determined  constant 
he  value  of  C  is  not  as  yet  well  determined  for  widely  differing 
litionsy  but  it  seems  to  be  practically  constant  over  a  wide  range 
uoat  vdocities  and  to  be  near  unity.  In  any  case,  a  meter  once 
ftiated  over  a  sufficient  range  can  be  used  without  sensible  error 
the  same  range  with  little  d^tnger  of  the  constant  changing, 
5s  the  gas  carries  foreign  matter  such  as  dust  or  tar  in  suspen- 
In  such  cases  periodic  cleaning  must  be  resorted  to. 

V.  MEASUREMENT  OF  GAS  BY  CALORIMErRY. 

5.  Methods  Used.  — This  method  offers  a  very  convenient  and 
paratively  simple  means  of  measuring  gas.  It  is  applicable  to 
neasurement  of  both  large  and  small  quantities,  but  is  apt  to 
erratic  results  when  the  quantities  become  so  small  that  radia- 
may  cause  an  appreciable  error.  For  large  quantities  it  is  one 
ebest. 

principle  it  is  simple:  a  measured  quantity  of  heat  is  added  to 
H^LS  flowing  through  a  conduit  and  the  rise  of  temperature  is 
ured;  then 

H  -  f  =  TTC^  (r  -  r),  (46) 

uch 

H   =  heat  supplied,  in  a  given  time, 
r   =  radiation  loss  in  same  time, 
W  =  weight  of  gas  passed  in  same  time, 
Cp  =  specific  heat  of  gas  at  constant  pressure, 
T'  =  final  temperature  of  gas, 
T  =  initial  temperature  of  gas. 
•m  this 

w ^-^ 

c,  (r  -  T) 

■  radiation  be  neglected 

W^ ^ 

c,  (r  -  T) 

aethod  of  making  the  measurements  above  outlined  is  illus- 
in  Fig.  331*  in  which' the  gas  enters  the  pipe  or  channel  at  .1 
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and  is  discharged  at  D.     Means  for  beating,  which  may  be  eilberi 

steam  or  electric  radiator,  is  to  be  supplied.     If  a  steam  radiatoi  ij 

used,  the  heat  discharged  is  computed  from  measurements  of  It 

t  and  temperature  of  the  condensed  steam,  the  heat  enterin| 

from  measurements  of  [ 

sure,  quality,  and  weight  lij 

methods     already    ejtplai 

The  heat  taken  up  by  the  ^ 

is  the  difference  of  that  a 

ing    and  discharged.     If  X 

electric  heater  is  used,  the  de 

trie    energy    disappearing 

Fic.  331. -Calomjietwc  Method  OF      measured     and     reduced  I 

Me*subing  Gases  (Steam  Heater).  .  ,  ,, 

computation    to  heat-tmii 

The  means  for  heating  should  be  of  such  form  as  to  heal  the  I 
uniformly. 

The  temperature  of  the  entering  and  discharged  air  should  be  tail 
at  sufficiendy  numerous  points  in  the  cross  section  lo  make  ibeW 
age  results  accurate,  and  the  thermometers  should  be  protected  fn 
radiant  heal.  The  average  temperature  should  also  be  measul 
at  the  section  where  the  velocity  is  lo  be  computed.  It  maybei 
sirable,  in  case  extreme  accuracy  is  required,  to  compute  the  wei| 
of  moisture  in  the  air  from  observations  with  the  dry-  and  wel-bi 
thermometer. 

Very   satisfactory  results  are  obtained  by  the  use  of 
thermometers,  because  the  wire  forming  the  resistances  can  be  st 
on  frames  or  insulators  in  such  a  way  as  to  be  well  distributed 
the  entire  section  of  the  channel,  giving  a  good  average  temperat 
reading.     An  electric  meter  constructed  on  these  principles  is  n 
the  market.* 

As  the  actual  rise  of  temperature  in  practical  cases  is  small,  i 
tion  may  in  general  be  disregarded.  In  case  it  is  desirable  to 
for  it  an  approximate  value  may  be  obtained  by  stopping  the  flw 
gas  and  measuring  the  heat  input  necessary  to  maintain  the  hi 
chambers  at  a  temperature  about  halfway  between  the  vdi 
entering  and  leaving  temperatures  when  the  gas  is  flowing 

*  See  an  article  on  the  Thomas  electric  gas  meter  in  Maelmitry  for  Ma> 
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Measurement  of  Vapors. 

[6.  General  Considerations.  —  In  general,  vapors  may  be  meas- 
by  any  of  the  means  used  in  the  measurement  of  gases,  but 
1  dealing  with  vapors  wet,  dry  and  saturated,  or  only  slightly 
rheated,  many  of  these  methods  give  very  questionable  results. 
laws  of  vapors  slightly  superheated,  that  is  relatively  near  the 
saturated  condition,  are  not  as  yet  well  known.  During  the 
few  years  much  work  has  been  done  in  this  region  in  the  case 
Iter  vapor,  but  even  here  considerable  doubt  still  exists.  The 
:  the  vapor  is  superheated,  that  is,  the  further  it  is  removed  from 
ondition  of  saturation,  the  more  nearly  does  it  obey  the  laws  of 
ct  gases  and  therefore  the  more  accurate  do  the  methods  of  gas 
urement  become. 

r  vapors  which  are  near  the  saturated  condition,  or  are  actually 
ated,  it  is  best,  when  possible,  to  base  all  measurements  upon 
f'eight  or  volume  of  the  liquid  before  vaporization  or  after  con- 
ition.  This  is  the  most  common  method  of  measuring  steam 
is  imdoubtedly  the  best. 

le  various  methods  in  more  or  less  common  use  for  the  measure- 
t  of  vapors  may  be  grouped  as  follows : 

Determination  of  the  volume  or  weight  of  liquid  before  vapori- 
»n  or  after  condensation. 
.  Measurement  by  means  of  orifices. 

L  Measurement  of  the  average  velocity  of  flow  in  a  pipe  or 
luit. 
^  Calorimetric  measurement. 

I.  DETERMINATION  OF  WEIGHT  OF  LIQUID. 

7.  Methods  Used.  —  For  this  purpose  any  of  the  methods  given 
he  measurement  of  liquid  may  be  used.  The  most  common 
lods  are  direct  weighing  or  the  use  of  a  calibrated  meter.  In 
leering  the  vapor  to  be  measured  is  generally  steam,  and  it  is 
mary  to  measure  either  the  boiler  feed  water  or  the  liquid 
ting  from  condensation  in  some  apparatus.  It  should  be  ob- 
i  that  in  either  case  there  are  possibilities  of  considerable  leak- 
md  unless  these  are  guarded  against  or  the  leakage  actually 
jred,  errors  of  imknown  magnitude  may  occur. 
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II.  MEASUREMENT  BY   MEANS  OF  ORIFICES. 

238.  General  Case.  Theoretical  Velocity  Attained.  —  li  it  9 
again  assumed  that  the  flow  is  adiabatic,  and  lliat  there  is  no  frictio^ 
a  brief  consideration  will  show  that  the  kinetic  energj-  that  the  vapgi 
has  gained  in  passing  the  orifice  must  he  exacdy  equal  to  tJie  diffaP 
ence  ig  the  heat  content  of  the  vapor  irnder  the  initial  and  final  0 
ditions.* 

Case  of  Saturated  Vapor. 

The  equation  for  velocity  can  be  developed  by  making  the  pto] 
substitution  for  the  intrinsic  energy  in  equation (31),  p.  430.    Fori 
mixture  of  a  liquid  and  its  vapor  the  intrinsic  energy  generally 


X  =  quality  of  the  vapor  mixture, 
p  =  internal  latent  heal, 
q  =  heat  of  the  liquid. 
As  in  the  case  of  gases,  we  then  obtain 

J%  =  jix,P,  +  g,  -  x,p^~  g^)   +  P,v,  -  P,t',.  (. 

Now  in  general, 

V  =  XU  +  (i  -  x)a, 
in  which  u  =  specific  volume  of  the  mixture  of  liquid  and  vapor, 
u  =  increase  in  volume  during  va[>orization, 
ti  =  specific  volume  of  the  liquid. 
The  factor  (i  -  x)u  is  so  small  that  for   ordinary  enginwd 
work  it  may  be  neglected,  and  substituting  for  v,  and  w,  in  cquati 
(47),  we  shall  have 

*-  =  x,p,  -  q,  -  Xjpj  -  9i  +  AP,x,u,  —  AP^XjU 

To  simplify  this  equation,  write  r  ^  p  +  APu,  whence 
AV* 


from  which  finally 


=  V^(«. 


,  -  5^  ft.  per  sec. 
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In  this  formula  the  terms  r^  and  qi  are  known  from  the  steam  ta'ble 
•  the  pressure  P^  and  x^  can  easily  be  found  by  calorimeter.  The 
ms  f,  and  q^  become  known  as  soon  as  the  final  pressure  P,  ^  ^^ 
fice  or  nozzle  (which  is  not  necessarily  that  of  the  atmosphere 
0  which  the  vapor  may  be  discharging)  is  determined  (see  Art.  221). 
the  quality  at  the  pressure  P,,  may  then  be  found  from  the  entropy 
lation 


^+<?. -=^+<?„  (50) 

which  the  term  —  represents  the  entropy  of  the  vapor  and  d  that 

the  liquid.  Pj,  P,,  and  x^  being  known,  all  the  terms  of  this  equa- 
a  except  x^  may  be  obtained  from  steam  tables  (see  Appendix). 
Case  of  Vapor  Initially  Superheated. 

[a)  Vapor  wet  in  final  condition.  Usual  case.  The  simplest 
J  of  taking  care  of  this  is  to  add  some  term  to  equation  (48a)  to 
w  for  the  heat  represented  by  the  degree  of  superheat.  Thus 
lation  (48a)  may  be  modified  to  read 

-J^-J    cdt  +  r,+q^-x^r^-q,.  (51) 

fere,  as  in  the  case  of  saturated  steam,  the  value  of  x^  must  be 
id|  which  can  be  done  from 

Cd  log.^  +  ^  +  0t-^^  +  e,,  (52) 

re  7",  =  absolute  temperature  of  the  superheated  vapor, 
Ti  and  T^  are  the  saturation  temperatures  of  the  vapor  at 

pressures  Pj  and  P,  respectively, 
Cj)  is  the  mean  specific  heat  at  constant  pressure  of  the  super- 
heated vapor  in  the  temperature  interval  T^  —  T^, 
)  Vapor  remaining  superheated  throughout.  This  case  is  not 
uch  practical  importance.  The  equations  applying  to  it  may  be 
f  developed  in  case  of  necessity  from  equations  (50)  and  (51) 
atain  modifications. 

%  Method  of  Determining  Theoretical  Velocity  for  Steam  from 

leat   Charts    Fig.    245.  —  A   quick    method    of    determining 

available    by  the  use  of  the  diagram  Fig.  245.    From  the 
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point  on  the  diagram  corresponding  to  the  initial  condition  of  6x 
steam  move  down  a  vertical  (iseniropic)  line  to  a  point  of  inttft 
section  with  the  pressure  /"„  existing  in  the  smallest  section  F  a 
nozzle  or  other  orifice.  This  corresponds  to  the  adtabatic  cbaiigB. 
The  first  point  on  the  diagram  gives  the  heat  content  of  the  steam; 
the  beginning,  the  last  the  heat  content  after  expansion  in  the 
Calling  the  difference  S,  we  may  compute  the  velocity  from 

I',  -\p-fB  fL  per  sec.  (S^ 

340.  Value  «rf  the  Pressure  P,.  —  As  in  the  case  of  the  gases  dx 
value  of  the  pressure  P^  is  not  necessarily  that  of  the  pressure  il 
the  discharge  space,  there  being  critical  pressures  and  critical  latia 
which  appear  to  change  slightly  with  the  shape  of  the  oriSce  id 
with  the  condition  of  the  vapor  as  to  quality. 

None  of  the  equations  so  far  given  for  steam  will  serve  to  b 
out  this  critical  data,  as  none  of  them  involve  the  pressure  ra 
Equations  exactly  similar  to  those  for  gases  have,  however,  I 
developed  by  Zeuner  and  others.     Zcuner  gives  the  following  e) 
pression  for  the  theoretical  velocity: 


V,  -  ,J  igP.v.y-'—  1^,  -   (1=)  '  J  ft.  pcrsK.       ( 

This  value  for  K,  becomes  a  maximum  when  the  pressure  iil> 
nozzle  is 


For  saturated  steam,  with  .r  not  less  than  .7,  we  naay  write 

r  =  1-035  +  -I  X' 

so  tliat  for  .V  =  i.o,     ;-  =  1.135 

and  for  .v  =  .7.       x  ^  i-iQ5- 

This  about  covers  the  Jield  of  saturated  steam  as  commercially  1 

and  for  these  values  of  y,  P,  =  .578  P,  in  the  case  of  ilie  bi 

quality,  and  =  .583  Pi  in  ihe  case  of  the  lower.     Evidendy  the 

cal  value  P^  =  P,  =  .58  P^  fits  every  ordinary  case  of 

steam. 
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Orifice  In  Tbin  Plate 
60 


A.  Nook  1049  Mm.  Diun.  at  U*C. 

h--fO^-1 


«;4J»-if^  W- TO" 


-118 -S 


io^9>^';* 


B.  Koole  16J9Mm.  Dlam.  at  16*a 


superheated  steam  y  =  approximately  1.29,  for  which  P^ 
«  =  .55  Pj.  But  in  the  ordinary  case  the  superheated  steam 
ing  becomes  wet  and  changes  its  value  of  f  to  near  those  first 

The  case  is  complicated, 
lie  of  P.  then  being  some- 
letween  .55  and  .58  Pj. 
ipply  equations  (49)  and 
any  practical  case,  it  there- 
:ain  becomes  necessary,  as 
5as,  to  check  the  pressure 
ressure  in  Discharge  Space 

Pressure  in  Reservoir 
is  greater  than  .58  (or  .55 
erheated  steam),  r,  and  j, 
>  the  pressure  in  the  dis- 
space,  and  x^  may  then  be 
rom  equations  (50)  or  (52). 
he  other  hand,  the  ratio  is 
Q  .58  (or  .55),  the  pressure 
:h  r,  and  j,  (and  also  x^ 
Dd  will  be  for  the  critical 

'  =  -58  (or  -55)  Pi' 
Weight     of    Vapor     Dis- 

.  —  If  F  is  the  area  in  sq. 

le  section  of  the  nozzle  at 

\  and  P,  are  established  (in 

ent  nozzles  and  bell-mouth 

the  smallest  section),  and  d 

ensity  (pounds  per  cubic  foot  of  the  mixture  of  liquid  and 

r  vapor  alone  if  superheated),  the  theoretical  discharge  weight 

W  =  FdV^  lbs.  per  sec.  (56) 

Y  actual  case  this  is  modified  by  a  coefficient  of  discharge  C, 

h  values  are  given  below,  so  that 

W  =  CFdV^  lbs.  per  sec.  (57) 

Value  of  the  CoefSdent  of  Discharge  C.  —  Comparatively 
eriments  have  been  made  on  orifices  or  nozzles  properly 


C.  Monk  USO  Mm.Diam.  at  U"C 
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shaped  to  give  the  maximum  discharge.  Perhaps  the  most  eOffli 
sive  ones  made  on  steam  are  those  of  Rateau*  and  GutermutLt  | 
The  dimensions  of  the  orifices  and  nozzles  used  by  Rateau  aregiva 
in  Fig,  332.  These  have  been  left  in  millimeters,  from  which  theyioM 
be  easily  reduced  to  inches  by  dividing  by  25.4,  The  results  oil* 
taiaed  plotted  as  the  ratio  of  the  discharge  W  actually  obiained  to  t^ 
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FiG.  333.  —  Values  of  Dischahc.e  CoErFicreNT  C  fob  Flow 

THRODOH   NOHLES. 

Curve  ^-B  b  the  Ihe^riUal  discharge,  curve  C-D  the  average  afJua/dischatit  foci 
three  nonrifs  A,  B,  and  C,  Fig.  3JJ.     The  discharge  coeffidcnl  C  is  thw  < 
,e  of  C-D 


o  of 


ordinate  of  A-B' 


theoretical  maximum  discharge  If  „,  are  given  in  the  curves,  Fig.  3J 
The  initial  pressures  used  went  up  to  about  145  pounds  persqiHI 
inch  for  nozzles  A  and  B,  to  about  85  pounds  for  nozzle  C,  and 
75  pounds  for  the  thin-plate  orifice.  The  curves  show  that  foj 
properly  designed  mouth-piece  or  convergent  nozzle,  the  constant 
is  again  slightly  below  r,o,  as  for  air.  The  curve  A-B  is  the  cU] 
of  theoretical  discharge,  while  C~D  is  the  average  of  the  &gd 

•  Experimenlal  Researches  on  the  How  of  Steam  through  NomIcs  »nd  Om 
A.  Rateau,  tiaiutaled  from  the  French  by  H.  B.  Brydon. 

t  Gutermuth,  Experiments  on   the  Flow  of  Steam  Uuou^  Otifi 
i.  V.  d.  I.,  Jan.  16,  1904. 
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btained  for  all  three  nozzles.     Taking  the  ratio  of  the  ordinates  of 

p 
Kse  curves  gives  the  coefl&cient  C.    This  increases  from  .94  at  — ' 

*  1 


•  about  .96  to  .967  at 


^  =  .8,  to  .974  at--*  =  .7,  and  has  practi- 
•*  1  •*  1 


Jly  the  value  i.o  when  the  critical  ratio  -^  =  .57  is  reached. 

TTie  results  for  the  thin-plate  orifice  are  shown  in  curve  E-F.    In 
is  case,  again  taking  the  constant  equal  to  the  ratio  of  ordinates  of 

'F  to  ordinates  of  A-B,  the  variation  is  shown  by  the  practically 

p 
uight  line  G-H.    The  coefficient  starts  with  a  value  of  .622  at—^ 

p 
.9  and  increases  to  .770  at  —*  =  .6.    It  still  seems  to  increase 

p 

ter  the  critical  ratio  —*  =  .58  is  passed. 

A  close  analysis  of  Rateau's  work  will  show  that  it  is  subject  to 

?eral  cumulative  errors,  especially  for  pressure  ratios  around  the 

itical,  so  that  the  values  of  C  may  be  as  much  as  2  per  cent  too 

^     The  inaccuracies  are  partiy  due  to  new  steam-table  data 

lich  was  not  available  at  the  time  the  work  was  done. 

Gutermuth's  work  was  done  with 

new  to  determining  the  conditions 

Qtrolling  the  flow  of  steam  through 

Ive  ports  of  steam  engines,  and  to 

It  end,  besides   investigating  cir- 

lar,  sharp-edged,  and  bell-mouth 

ifices,  he  also  tested  rectangular  ori- 

Bs  with  curved  extensions  approxi- 

Lting  the   shape   of  valve    ports. 

dy  the  results  on  the  circular  ori- 

s  are  of  interest  here.  ^^^'  ^^^' 

Fig.  334  shows  the  dimensions,  estimated  from  the  original  cul>, 

the  circular  orifices  used. 

''orm  II  gave  a  constant  C  very  close  to  i.o,  as  might  be  expected. 

is  orifice  practically  gave  the  theoretical  discharge  as  computed 

Zenner's  equation  and  equation  (57),  taking  j  =  1135.     Form  I, 


"m 


lit 

■'A  ' 


-5' 
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not  2,  true  duD-phle  adfax,  ipve  the  iollowing  results,  die  m 
pca&ure  bdog  alioat  i jo  poODds  per  squaxe  inch  absolntc 

p 
For        ^  =  .977      .944       .B8S      .777       .666      .611      .577 

C  =  .705  .78  Jos  A|6  .855  .868  ^ 
These  values  are  thnni^wut  greater  than  those  ioood  b;  I 
for  a  thin-plate  ori&ce,  as  mi^t  be  expected. 

In  applying  (he  orifice  method  of  measuring  steam  it  thetefaj 
seems  better  to  use  a  weil-^ounded  orifice  than  an  orifice  h 
plate,  on  account  of  the  greater  certainty  in  the  coefBcicnt  and  ) 
smaller  variation. 

243.  Appmimcte  FonnnUe  for  the  Flow  of   Steam  1 
Orifices.  —  If  in  equation  (54)  we  substitute  g  =  33.2,  7-  = 

p 
and  -^  =  .58,  and  P,  =  144  /„  we  obtain 

l\  =  7o\^p,v,  fL  pCTsec.,  y 

and  in  theorj'  this  velocitr  will  be  constant  as  long  as  the  pressq 
in  the  discharge  space  is  less  than  .58  P,.     Now  (or  saturated  si 

P,v^'■^  =  constant  =  approx.  485,  (95 

where  Pi  b  pounds  per  square  inch,  and  v,  «  specific  volume  ia  ci 
feeL 

From  thb  v,  =  ^~.' 

and  substituting  this  ^~alue  in  equation  (58),  we  have 

V,  =  1274  V^'  fL  per.  sec.  (( 

The  weight  discharged  will  then  be 

W  =  CF3  V,  =  1274  CF  S  y/p^^  lbs.  per  sec. 
(>  is  the  density  of  the  vapor  at  the  lower  pressure  P,,  and  assumi 
that  the  vapor  is  still  saturated  at  that  pressure,  we  mav  write 

^'2      332-6  332-6 

Substitute  this  value  of  i  in  equation  (61)  and  we  obtain 

\V  =  2.3  CF^,-"  lbs.  per  sec. 
For  an  orifi,ce  u-Uh  wdl-rotinikd  entrance,  put  C  =  i. 
expressed  in  square  inches  instead  of  square  feet,  we  will  finf 
for  such  an  orifice 

W  =  ,016  Fp,-"  lbs.  per  sec. 


tiy,C^^^^ 


MF,  V>!'Ki:Mr.NT 
lir  i-  Kit..--,    i  -  ■.-■r-- 


t1  tomivraluw  * 
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Some  of  the  oldest  steam  meters  employed  a  wheel  and  we 
stnicted  much  like  the  present-day  turbine  water  meter,  bi 
design  has  apparently  been  given  up.  The  number  of  steam 
on  the  market  tonday  is  considerable.  Their  accuracy  depend 
how  well  the  various  factors  entering  the  problem  are  taken  < 
The  makers  of  the  best  of  them  will  guarantee  an  accuracy  of 
percenton  steady  flow.  None  of  these  are  apparently  quitesatis 
on  intennitient  or  pulsating  flow.  In  any  case  where  they  b 
used  with  such  flow,  a  special  calibration  after  installation  is  nee 

What  may  be  called  the  "operatuig"  part  of  most  of  the 
meters  is  very  simple;  the  "recording"  apparatus  is,  on  thi 


Fic.  335.  —  BusNHAu  Steam  Mstek. 


hand,  in  many  cases  quite  complex,  especially  if  compeosatu 
pressure  and  temperature  variations  are  made. 

The  quantity  of  steam  flowing  through  any  given  main  d 
upon  the  function  Vp,  -  p^  and  upon  the  density  d,  which  fo 
tical  purposes  may  be  expressed  by  Vp^.  A  meter  to  be  ai 
must  therefore  account  for  both  of  these  factors,  and  if  the 
should  at  any  time  be  superheated,  a  temperature  correctk 
enters.  Apparently  only  one  of  the  commercial  mete; 
temperature,  and  even  in  that  case  the  adjustment  is  i 
and  not  automatically, 
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1)  PiM  Tube  Meters.  The  simplest  form  of  this  meter  is  appar- 
f  that  designed  by  Bumham,  Fig.  335.  The  height  of  the  water 
mn  in  the  glass  is  a  function  of  the  velocity.  The  position  of  the 
ict  opening  with  reference  to  the  cross  section  of  the  pipe  is  evi- 
I7  of  importance.  It  should  in  theory  be  placed  at  the  point  of 
ige  velocity,  but  the  determination  of  this  position  in  practice 
t  so  easy  and  would  in  any  case  require  traversing  with  various 
ities  of  current  The  density  factor  is  apparently  not  taken 
)f  in  the  instrument  and  will  have  to  enter  into  the  computation 
eight. 

nuch  more  elaborate  meter  based  on  this  principle  is  that  made 
J  General  Electric  Company.  Here  the  static  and  impact  tubes, 
ined  in  what  is  called  the  nozzle  plug.  Fig.  336,  extend  nearly 


Fig.  330. — Nozzle  Plug,  G.  E.  Go's  Steam  Meter. 

i  the  diameter  of  the  pipe  in  which  the  flow  is  to  be  measured. 
wo  tubes  leading  from  this  plug  are  connected  to  the  two  unions 
I  near  the  top  of  Fig.  337,  which  illustrates  the  recorder  used. 
:onsists  essentially  of  two  vertical  tubes  partly  filled  with  mer- 
connected  across  near  the  bottom  by  another  tube,  so  that  the 

practically  forms  a  U-.tube  manometer.  The  entire  arrange- 
is  balanced  on  knife-edges  as  shown.  The  nozzle  plug  tubes 
nnected  to  the  manometer  by  flexible  tubing,  one  to  each  branch 
tube.  The  excess  of  pressure  on  one  side  causes  a  part  of  the 
jy  to  flow  over  to  the  side  of  least  pressure,  causing  the  beam 
/e  about  the  knife-edge  until  balance  is  again  established.  The 
nent  of  the  beam,  which  is  multiplied  by  levers,  is  thus  a  direct 
>n  of  the  difference  in  pressure,  i.e.  of  the  velocity  of  the  cur- 
f  steam  through  the  pipe.  The  rest  of  the  instrument  is  a 
irrangement  for  recording  the  movement  of  the  beam  on  paper, 
is  graduated  so  that  the  flow  can  be  read  directly  in  pounds  per 

Compensating  devices  for  pressure  and  temperature  are  fur- 
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Qished.  Pressure  vsriatioD  is  corrected  for  automaticallT. 
of  the  Bourdon  type,  induenced  by  the  static  pressure  at  the  pi 
where  the  velocity  b  being  measured,  causes  a  small  "correctiaj 
Weight  to  shift  so  as  to  correct  the  pencil  traveJ.  Temperature  i 
compensated  for  by  hand  adjustment  of  the  same  wei^t,  accon&B 
to  a  special  calibration  curve  sent  out  for  each  meter.  This  meb 
is  also  made  in  two  other  forms,  as  a  recording  meter  without  fl 
compensating  device,  for  i&stallatioas  where  neither  pressure  nor 


F"i'  337- — Recobding  Apparatus,  G.  E.  Go's  Ste*ii  MErER. 


temperature  var\'  to  any  great  extent,  or  as  a  simple  indicating  mt 
where  no  continuous  record  of  flow  is  necessary. 

(6)   Vcnliiri  Steam  Meier.     The  only  meter  of  this  type  so 
brought  out  is  that  made  by  J.  C,  Eckardt,  StuEtgart-Cannstatl. 
is  shown  in  Fig.  338.     The  Venturi  tube  is  combined  with  "  ■" 
separator,  which,  by  the  way,  is  always  good  practice  in  coi 
with  any  steam  meter.    The  tube  R^  leads  to  the  high-pressui 


i 
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creases,  so  that  it  is  only  a  few  hundredths  when  the  fiow  is  r 
cent  of  the  normal.  Under  these  conditions  the  error  of  planin 
tion  may  he  quite  serious. 

(c)  Orifice  Meters.  The  principle  upon  which  these  meters 
ate  is  well  shown  by  Figs.  339  and  340,  illustrating  the  meter  ma 
Hallwachs  &  Co.*      The  method  of  measuring  the  pressures  ej 


Hall  w  A  CHS'  Steam  Meter, 


ahead  of  and  behind  the  orifice  is  shown  in  Fig.  340.  The  in 
ing  apparatus,  Fig.  339,  consists  of  a  simple  form  of  differential 
tiplying  mercury  manometer.  The  spiral  coils  in  each  pressun 
are  put  in  for  the  purpose  of  maintaining  the  same  height  of 
*''imn  on  the  mercurj'  on  each  side  irrespective  of  pressi""" '™"' 
nstt  Lm  pressure,  that  is  for  constant  H,  th« 

*  MalsUIl  Si.-Johann  an  der  Sav. 
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may  be  computed  from  the  head  H.  To  obtain  the  results 
tlj  for  different  steam  pressures,  various  Sow  scales  are  some- 
I  placed  on  a  cylinder  which  is  pivoted  next  to  the  manometer, 
be  flow  may  be  read  off  directly  by  bringing  the  proper  scale 


Fic.  340.— Ordice,  Hulwaces'  Steam  Meter. 

ositioD.  This  instrument  has  been  made  recording  by  electri- 
eans  by  fusing  into  the  manometer  tube  metallic  contacts  at 
r  intervals.    As  the  mercury  reaches  each  contact  in  turn,  an 


F  Gehre  Recording 


:  circuit  is  closed  and  a  line  proportional  in  length  to  the  square 
f  H  is  recorded-  From  this  diagram  the  average  VH  may 
e  directly  found.  The  density  factor  V^  is  apparentl)'  not 
ted  for.  This  type  of  meter  is  otherwise  quite  reliable  and 
>f  tbem  are  in  use  on  the  continent. 
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Several  other  designs  of  orifice  meters,  differing  in  tbetr  n 
apparatus,  are  on  the  market.  One  of  the  most  recent  and  ooei^ 
the  most  accurate  is  that  brought  out  by  M.  Gehre,*  who  has  hi 
out  several  designs  within  the  past  few  years.  The  recordii^a{ 
tus  of  the  last  Gehre  meter  is  quite  complicated,  but  the  prit 
underlying  it  may  be  explained  from  Fig.  341.  The  higher  piessal 
p,  acts  on  the  surface  of  the  mercury  in  the  stationary  vessel  A.  Tik\ 
vessel  is  so  shaped  that  the  weight  of  mercury  forced  over  into  Ike  1 
vessel  B,  which  is  fastened  to  one  arm  of  a  balance,  is  proportionil  I 
to  the  square  root  of  the  differences  Jn  level.  The  pointer  P  tha  I 
moves  distances  proportional  to  V^,  —  Py  By  ingenious  modi&ca- 1 
tion  of  this  idea,  which  is  old,  and  additional  adjustments  to  auto-  1 
matically  allow  also  for  density  variations,  Gehre  has  produced  an  1 
apparently  satisfactory  commercial  instrument.  The  flow  may  be  ] 
read  directly  from  an  integrating  attachment,  which  is  of  advantage,  { 
or  it  may  be  autographicaily  recorded,  or  both  methods  may  be  u 
in    the   same 


The  accuracy  is  guann- 
teed  to  within  ±  5  per  cent 
(d)  Float  MeUrs  are  of 
two  classes:  those  in  which 
the  float  moves  agamst  a 
constant  resistance  but  in 
which  the  free  passage  for 
steam  increases  with  the 
magnitude  of  the  mo\'e- 
ment  and  those  in  which 
the  movement  takes  place 
against  an  increasing  re- 
sistance but  the  free  pas- 
sage remains  constant. 
Nearly  all  true  float  meten 
are  of  the  first  type. 
Fig.  342,  shows  the  principle.  The 
If  a 


The  diagrammatic  sketch, 
seat  of  the  float  A  is  extended  in  the  direction  of  the  current. 


r  Gesellschaft,  Berlin.     Sec  ihe  above-mendoEied  arliclei  bj 
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the  effective  area  of  the  float  changes.     Correction  for  this  is  apptt 
ently  made  in  the  construction  of  the  registering  apparatus 
is  connected  as  shown  in  Fig.  344.     The  record  may  be  di 
planimetered.      Variation  of  density  with  pressure  is  not  taken 
account  automatically  by  this  meter. 

The  Sargent  indicating  steam  meter  is  of  later  origin.     It  was  fa 


Sakoent  Stzak  Meteb. 


described  by  its  inventor  in  the  Transactions  of  the  American  I 
ciety  of  Mechanical  Engineers,  1905,  but  since  that  time  has  app 
entiy  undergone  considerable  changes  in  construction.  Figs,  345 ) 
346  are  reproduced  from  Bendemann's  discussion.  The  valve  ili 
conical  float  fitting  over  a  conical  seat  and  closing  the  passage  ca 
pletcly  with  its  lower  edge  when  at  rest.  During  operation  theste 
lifts  the  float  proportional  to  the  quantity  passing.  Tbe  valve  spin 
B  is  prolonged  downward  into  the  space  C,  which  is  open  W 
atmosphere.  At  the  tower  end  the  spindle  carries  a  Bouk'-^  ~ 
see  G  in  Fig.  ,^46,  to  which  the  pressure  is  transmitted  throi 
in  the  spindle.     The  Bourdon  tube  carries  a  pointer  D  wh 
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)Tera  chart  £,  Fig.  346.  The  pointer  has  therefore  a  double  motion, 
ip  or  down,  depending  upon  the  lift  of  the  valve,  and  in  a  horizontal 
due,  depending  upon  the  steam  pressure*  The  correction  for  den- 
it7  is  therefore  automatic. 

As  far  as  a  comparison  between  orifice  and  float  meters  is  concerned 
t  might  be  said  that  they  are  probably  not  far  apart  on  the  score  of 
ccuracy-  Where  the  steam  main  is  inaccessible,  as  may  sometimes 
c  the  case,  the  orifite  meter  is  probably  better,  because  its  register- 
ig  mechanism  may  be  placed  at  some  distance  from  the  orifice  and 
lay  be  better  taken  care  of. 

IV.  CALORIMETRIC  MEASUREMENT  OF  VAPORS. 

246.  Methods  Used.  —  The  two  calorimetric  methods  described 
I  connection  with  the  methods  of  measuring  gases  can  be  used  for 
le  measurement  of  vapors.  The  heat  added  either  vaporizes  en- 
abed  moisture  or  superheats  the  vapor.  If  the  apparatus  be  so 
Histructed  that  the  vapor  is  slighdy  superheated  before  entrance, 
le  determinations  are  generally  fairly  accurate. 

One  method  of  calorimetric  determination  which  is  applicable  to 
^)ors  but  not  to  gases  is  of  interest.  If  vapor  at  a  known  tempera- 
iie  and  pressure  and  with  a  known  quality  be  condensed  in  a  known 
eight  of  liquid,  the  weight  of  vapor  condensed  can  be  found  from 
e  temperature  rise  of  the  liquid.  This  method  is  used  in  connec- 
m  with  condensing  calorimeters  where  the  equations  applying  to 
e  case  may  be  looked  up,  see  Chap.  XIV. 

247.  The  Flow  of  Steam  in  Pipes.  —  This  problem  is  mentioned 
le  merely  with  a  view  to  indicating  approximately  what  the  flow 
steam  through  any  given  pipe  may  be  expected  to  be  under  given 
Qditions. 

An  approximate  formula  may  be  derived  by  assuming  that  the 
ocity  of  the  steam  is  not  to  exceed  6000  feet  per  minute.  If  we  let 
=  the  steam  flowing  in  pounds,  per  minute,  d  the  density  of  the 
am  in  pounds  per  cubic  foot,  and  d  =  diameter  of  the  pipe  in 
hes,  we  will  have  with  the  above  assumption  of  velocity 

TF  =  33  5<?  lbs.  per  min.  (67) 

IS  formula  is  considered  good  for  pipe  sizes  between  4  and  8  inches 
!  for  lengths  under  100  feet.    For  smaller  sizes  than  4  inches  the 
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dMcfaagp  «a  bE  Ins,  «ad  far  tkc  saall  uses  of  pipe,  espcciafljH 
dtcnr  aiB  itf  awidBDdir  Ifagdk,  dK  fuBSola  is  probably  u^des. 
G.  F.  OI*inll,  m  tas  'Sltaa  Power  Plant  Engineermg, "  I 
'•""'S'^  a.  mumiKr  (tf  fanrnir  ciaHhhcd  by  various  lutborili 
f(M' ibfr  ivv  ^  sMk^  in  pqies.  Besfaorsthat  in  general  tberand 
based  ^MB  Ae  kw  frf  head  Hexpceanl  by* 

■  liiili  t  IJM  iiiw  I  nw  I  iiBi  il  II II  111  ill  llii  ftiw  I  if  HI  111  I.  Ill 
For  ^neal  pndKc,  Gebfcanil  ncomineDds  tbe  bJlowtogI 

IF  =  67 )  — r~-;^l *  ii*-  f*'  ™o- 

in  vfaich 


W  =  wt:^il  of  steam  in  pounds  per  minute. 

3  =  UMan  densi^  in  potHids  per  cubic  foot. 

P  =  drop  in  pressure.     Assumed  at  the  &guie 
desirable  in  any  given  case. 

i  ^  diameter  of  pipe  in  inches. 

L  "  les^lh  of  fape  in  feet. 
This  stricdT  ^if^ies  to  wril4a^ged  pipe  only.  .\s  in  die  cU 
the  flow  of  water  the  length  L  is  not  only  the  actual  length, 
the  added  ftictioo  of  Qttin^  should  be  taken  care  of  by  adding  1  a 
tain  equivalent  length  for  each  &tting.  But  few  esperimeDts  1 
been  made  od  the  fiklioa  of  bttiags.  and  those  give  anything 
concordant  results.  Until  more  satisfactory  figures  are  av&ill 
those  ^^-en  by  Biiggs  (Vr'anntng  Buildings  by  Steam)  and  Cpl 
by  Gebhardt  will  have  to  ser\e. 

For  a  standard  90-degiee  elbow  or  for  a  tee,  the  allon-ancc  gH 
be  about 

-¥ 
The  resistance  offered  by  a  gate  vztv^  when  wide  open  may  be 
lected.  while  ihe  allowance  for  a  globe  valve  will  be  abou' 
that  lor  an  elbow. 

•  Pirrtr,  June,  1907. 
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For  engmeering  puipoao  die  Nt  amd  CQi  may  be  added 
and  ooDflidcred  as  Nj.    It  is  sometmies  convenieiit  to  treat  liri 
gas  with  a  molecular  weight  of  28^  (t>ased  on  Ot  —  32JO0). 

The  following  table  gives  weights  and  volmnes  of  the 
substances  OMicemed  in  the  combustion  of  ordinary  fnds: 


^jmdnl  Md  Wc«te  of 


Carboo €»  12.01 

Sulphur 8—32.07 


Ox>-geii. 

Nitrogen 

Hydrogen 

Marsh  gas,  or  methane 
Air 


Carbon  dioxide. .. 
Carbon  monoxide. 
Water 


Sulphur  dioxide . 


0-«  16.00 

N-I4.04t 
H»  1.008 


(^»32.oo 
Ns-2&o8t 
Hi»2.oi5 
CH4«  16.03 

(28.94) 
CC^->440i 
CO  -28. ox 
H^-x8.03 

SOb-64.07 


Wealth 


Sc|.lL(tei 


tfa^.' 


l45(Soi« 
125     •• 
o.oSgati 
0.07830 
o.oosis 

0.0447 
0.08071 

0.1226ft 
0.07807 
(See 

bks) 
0.1786 


*  With  suffident  accuracy  the  weiglit  in  poonds  per  cubic  foot  of  a 
ard  cooditioDs,  it  aoo2789  times  the  mnlwular  ymS^bH  of  the  gu. 

t  The  "nitrogen"  of  the  above  table  is  "atmospheric"  oitracen 
nitrogen  in  being  mixed  with  a  ilig^  amwinf  of  the  inat  fas  aifoii. 
weight  slightly  under  14.01. 


dqriii.1 


250.  Heat  of  Combustion  or  Calorific  Power.  —  The  vahe 

fuel  for  heat  production  is  the  number  of  British  thermal 
heat  which  may  be  generated  by  the  complete  combustion 
pound  of  the  fuel,  or  in  the  metric  S}rstem  the  number 
calories  generated  by  one  kilogram.    This  number  of  heat 
which  is  a  constant  for  any  given  fuel  irrespective  of  the 
which  the  combustion  is  carried  on,  as  long  as  it  is 
known  as  the  heating  value,  or  calorific  power^  of  that  parti< 
The  relation  of  B.t.u.  per  pound  to  calories  per  kilogram  is  ji 
1.8  : 1. 

251.  Combustion  of  Elementary  Fuels.  —  The  followin|t 
gives  the  heating  values  of  the  principal  elements  occurring  t 
and  data  on  the  combustion  of  these  elements: 
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gen  shows  the  following  values  for  various  temperatures  of  esc^mj 
steam; 


h°  F-  Ttmp,  o( 
EKX>i>>«  Stain. 

bg  VJbb,  B-t-H. 

(,''F..T™p-o( 
EMping  Slam. 

DiScnncc  at  Bed- 
in*  Vtlua.  B.LiL 

300" 

10,430 
ll,J40 

5 

.3,060 
13.^80 

The  experimental  higher  heating  value  of  hydrogen   is  61,950! 
B.t.u.;  if  the  products  of  combustion  are  brought  back  to  60  F., 
but  uncondensed,  the  lower  heating  value  is  61,950  —  9450  =  51. S* 
B.t.u.     The  difference  is  15  per  cent  of  the  higher,  18  per  cent  d 
the  lower  heating  value. 

So  large  a  difference  is  not  negligible;  we  must  decide  whethet 
are  to  charge  a  furnace  with  the  higher  or  the  lower  heating  valuC 
a  fuel  containing  hydrogen-  The  German  custom  is  to  use  the  to 
heating  value;  the  American  tendency  is  to  use  the  higher, 
actual  furnace  or  engine  does  cool  the  products  of  combustion  » 
to  condense  the  steam  in  them.  Calorimeters,  which  are  used 
find  experimentally  the  heating  value  of  fuels,  generally  con<k 
only  a  part  of  the  steam,  and  consequently  give  neither  the  h)( 
nor  the  lower  heating  value  directly.  Theoretically  perfect  a 
tion  of  heat  after  combustion  would  condense  all  moisture  for 
from  hydrogen.  //  seems  right  to  charge  against  a  furnace  or 
engine  what  a  theoretically  perfect  apparatus  would  do. 

The  volume  of  the  products  of  combustion  may  be  different  from  tie 
of  the  combustibles,  or  the  gases  cnlcring  the  combustion  may  not  be 
with  "  humidity,"  so  that  n  larger  amount  of  moisture  might  remain  al ! 
temperature  as  "  humidity  "  in  the  burned  dian  in  the  unbumed  gases. 
correction  for  humidity  is  very  small  if  the  air  supplied  to  a  furnace  ts 
rated  or  nearly  so;  but  in  the  case  of  ordinary  coal  burning,  with  the  air 
about  50  per  cent  saturated,  over  one-fourth  of  the  moisture  formed 
hydrogen  combustion  would  remain  uncondensed  if  the  products  of 
tion  were  cooled  back  to  room  temperature. 


253.  Temperatures  Obtained  in  Combustioti.  —  T^"" 
of  the  temperatures  obtainable  in  combustion  is  mj 
amoimt  of  available  heat  and  the  amount  and  sped 


^\rr 


ucts  of  Ciimtiii#iii(T,. 
ie  with  teniponiiuri . 
ST.  intendi.'']  ior  u-. 
ly  correct  Kt  a  <.i-rA\« 
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to  avoid  heating  surrounding  materials  as  well  as  the  prodiic 
combustion. 

If  hydrogen  be  taken  as  the  fuel,  the  available  heat  for  raiani 
temperature  of  the  products  of  combustion  above  60^  F.  is  the  1 
heating  value  for  60°  F.,  52,500  B.tu.  per  poimd.  For  ccxdIni 
in  oxygen  the  theoretical  temperature  is  then  52,500-5-  (0^62 X 
=  12,500°  F.  Despite  this  lower  theoretical  temperature,  we 
ally  obtain  higher  temperatures  of  combustion  from  hydrogen 
from  carbon,  for  in  practice  the  problem  becomes  one  of  mui 
energy  development  in  a  given  space. 

The  principal  reason  for  the  low  temperatures  obtained  in  1 
combustion  is  the  dilution  of  the  products  of  combustion  with 
material.  Every  pound  of  O2  in  air  carries  with  it  76.8/23.2  - 
pounds  of  N2.  Taking  this  into  account  for  the  combustioQ  o 
bon,  using  only  the  air  necessary  to  supply  the  oxygen  neede 
get  14,540  -J-  (0.222  X  3.664  +  0.249  X  2.664  X  3.31)  «  490 
If  we  used  i  .5  times  as  much  air  as  was  needed  to  supply  Oi  ft 
combustion  of  carbon,  the  theoretical  rise  of  temperature  d 
combustion  would  become  3360  degrees;  with  2.0  times  thev 
air,  2550  degrees.  By  comparing  these  values  with  the  18^ 
grees  for  combustion  in  pure  oxygen  we  see  how  large  is  thecff 
dilution.  Roughly,  the  theoretical  temperature  of  combasd 
carbon  with  air  is  5000°  F.,  divided  by  the  "  dilution  ooeffid 
or  ratio  of  air  actually  used  to  that  necessary  to  supply  oxygen  1 
carbon. 

For  some  years  past  it  was  thought  that  the  reascm  we  cannoty  in  fi 
realize  the  high  theoretical  combustion  temperatures  indicated  abovc^ 
dissociation  of  the  COi  or  H2O;  that  is,  the  chemical  compounds  of  ( 
with  0  were  supposed  to  break  down  spontaneously  into  their  ^^<ntMiit 
the  temperature  became  high.  It  is  now  known  that  HiiMnHfttfMi  q( 
CO2  or  H2O  occurs  only  to  a  very  slight  extent  (less  than  i  per  ocnl}| 
3000°  F.  (1600^  C).  Dissociation  therefore  plays  little  part  in  aq 
mercial  case  of  combustion. 

254.  Calorimetry.  —  A  calorimeter,  broadly  speaking,  it  il 
vice  for  measuring  heat  or  heating  value.    A  fuel  ralf>TiiiM|i 
device  in  which  a  fuel  sample  may  be  completely  burned^ 
heat  it  produces  is  absorbed  and  measured.    The  combust 
fuel  must  be  complete.    All  the  heat  produced  must  be  abaOm 


COMBUSTION  AND  FUELS  471 

measured.  Heat  from  other  sources  should,  as  far  as  possible,  be 
excluded,  and  allowance  made  for  that  which  cannot  be  excluded. 
rhese  requirements  apply  to  all  types  of  calorimeters. 

In  operation,  calorimeters  fall  into  two  classes,  the  discontinuous 
md  the  continuous  types.  Solid  fuels  are  nearly  aways  tested  in 
alorimeters  of  the  discontinuous  type,  burning  a  weighed  sample 
1  a  calorimeter  using  a  fixed  amount  of  heat-absorbing  body, 
jquid  fuels  are  occasionally  tested  in  the  same  way.  Liquid  fuels 
re  usually,  and  gaseous  fuels  practically  always,  tested  in  continu- 
DS  or  constant  flow  calorimeters,  both  fuel  sample  and  heat-absorb- 
Ig  body  being  under  flow  at  measured  rates.  It  may  be  said  that 
)th  theoretically  and  practically  the  continuous-flow  calorimeter 
sq)erior  to  the  discontinuous,  because  of  greater  ease  of  handling 
d  freedom  from  extraneous  heat  losses  of  the  "  radiation  tj'pe.^* 
The  discontinuous  calorimeters  will  be  discussed  first.  The  parts 
such  a  calorimeter  are  in  general  as  follows: 
(i)  Crucible  for  holding  sample  of  fuel. 

[2)  Igniter  for  firing  the  sample. 

[3)  Combustion  chamber. 

4)  Apparatus  for  supplying  oxygen  for  combustion,  for  only  in 
rgen  can  complete  combustion  be  assured  in  these  calorimeters. 

5)  Heat-absorbing  body  surrounding  the  combustion  chamber. 
5)  Thermometer  or  other  device  for  measuring   temperature 
Dges  in  the  heat-absorbing  body,  and  thus  measuring  the  heat 
3rbed. 

r)  Jacket  for  excluding  extraneous  heat. 

he  general  problems  of  discontinuous  calorimetry  will  be  dis- 
ed  under  the  description  of  the  bomb  calorimeter^  which  is  the 
t  accurate,  reliable,  and  also  the  most  expensive  of  the  calo- 
ters  for  soUd  fuels. 

5.  The  Bomb  Calorimeter.  —  There  are  a  number  of  forms  of 
calorimeter  now  on  the  market,  nearly  all  of  them  modifications 
le  original  Berthelot  type.  The  essential  parts  in  every  case 
[a)  SL  strong  steel  vessel,  usually  lined  with  some  non-corroding 
ance  like  platinum,  gold,  porcelain,  or  nickel,  serving  as  a  com- 
)n  chamber;  (b)  a  small  crucible,  usually  of  platinum,  inside 
B  vesselj    to   hold  the  sample;  (c)  valves  or  connections  for 
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perhaps  the  simplest  and  best  way  of  obtaining  this  necessarj- 1 
The  method  first  mentioned  may  be  carried  out  as  shown  in  Fig. 
in  which  the  crucible  C  contains  the  mixture  of  chemicals. 
latter  is  heated  and  the  oxygen  gas  generated  flows  through  deb 
the  calorimeter.     A  gauge  B  indicates  the  pressure  attained. 


Tk,    34g 


vessel  E  is  filled  with  water  to  cool  the  gas.  Any  cfaloi&V 
coming  over  may  be  removed  by  first  passing  the  gas  throu^ft^ 
roll  of  brass-wire  gauze. 

Ignition  of  the  fuel  is  generally  electrical,  and  is 
either  by  fusing  and  burning  a  piece  of  fine  iron  wire  i 
the  fuel,  or  by  heating  to  redness  a  platinum  wire  d 


COMBUSTION  AND  FUELS 


475 


U  Heat  from  the  ignitiiig  device  is  added  to  that  given  out  in 
combostioii  of  the  fuel,  and  correction  must  be  made  for  this 
sa  heat  from  the  igniter.  This  igniter  heat  may  easily  amount 
>.3  to  0.5  of  one  per  cent  of  the  heat  developed  in  tlie  calorimeter. 
Che  bomb  is  immersed  in  a  small  body  of  liquid,  usually  water. 
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water  present  to  absorb  heat;  hence  the  term  water  eqidmiail  fat 
the  sununation  of  the  products  mass  times  specific  heat  tor  eidtf 
the  metallic  parts  of  the  calorimeter  which  run  throu^  the  ta 
temperature  changes  as  the  water.  In  the  most  accurate  wod 
should  not  be  forgotten  that  the  specific  heats  of  both  the  vatemA 
the  metallic  parts  change  with  temperature.  The  magnitude  of  M 
change  is  not  likely  to  exceed  0.3  of  one  per  cent.  It  is 
neglected  in  commercial  work. 

The  temperature  of  the  water,  bomb,  and  containing  vessd 
measured  by  a  mercury  thermometer  or  some  equivalent  denO, 


Fig.  351.  —  Appabatds 


pRBPAXmC  OxYOEK. 


such  as  a  spiral  wire  of  which  the  electrical  reastance  is  mean 
To  make  sure  that  the  temperature  reading  (usually  a  measure! 
taken  at  one  spot  only)  represents  the  temperature  of  the  e 
instrument,  stirring  of  the  water  is  necessary. 

If  the  instrument  could  be  thermally  isolated  from  its  sui 
ings,  it  would  be  necessary  only  to  measure  the  temperature  b 
ignition  and  the  temperature  after  complete  combustion,  calculiti 
the  heat  evolved  from  the  temperature  range  and  mass  and  q 
heats  of  the  calorimeter  parts  absorbing  heat.    Such  thermal  U 
tion  is  impossible;  the  calorimeter  is  continually  exchanging  S 
with  its  surroundings  by  (i)  direct  radiation,  (2)  convectiooC 
rents  of  air,  (3)  evaporation  of  water  from  the  calorimeter  ti 
atmosphere,  which  is  practically  never  saturated  with  mcb 
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[0  reduce  these  heat  exchanges  —  usually  classed  as  **radiation/*  al- 
though real  radiation  loss  is  the  smallest  of  the  exchanges  mentioned 
-to  their  lowest  terms,  it  is  customary  to  surround  the  containing 
vessel  of  the  calorimeter  with  a  "jacket"  and  to  cover  the  calo- 
rimeter so  as  to  prevent  access  of  air  and  consequent  convection  cur- 
rents. The  containing  vessel  of  the  calorimeter  is  made  of  polished 
metal  to  diminish  radiation.  The  jacket  is  a  double-walled  vessel, 
polished  at  least  on  the  inside,  with  the  space  between  its  walls 
Slled  with  water  or  other  liquid,  so  as  to  keep  the  jacket  fairly  con- 
stant in  temp>erature. 

It  is  usually  assumed  that  for  a  jacketed  calorimeter  the  ^*  radiation  rate/' 
V  rate  of  loss  or  gain  of  heat  by  the  calorimeter  in  exchange  with  its  sur- 
Txmdings,  is  proportional  to  the  difference  of  temperature  between  calorimeter 
lod  jacket.  Anal3rsis  shows  that  this  assumption  is  not  justified.  True 
adiation  between  calorimeter'  and  jacket  is  closely  enough  a  straight-line 
unction  of  the  temperature  difference  between  them.  Convection  transfer 
i  heat  between  calorimeter  and  jacket  is  also  probably  given  nearly  enough 
s  a  straight-line  function  of  the  same  temperature  difference.  These  heat 
idiaoges  reverse  in  direction  and  amount  when  the  temperature  difference 
tetween  calorimeter  and  jacket  changes  sign.  But  there  is  also  a  slight  amount 
i  convection  loss  of  heat  from  calorimeter  to  the  outer  atmosphere,  or  room, 
Hien  the  calorimeter  is  hotter  than  the  room  —  a  heat  exchange  outside  of 
be  control  of  the  jacket.  This  exchange  is  not  reversed  when  the  calorimeter 
i  colder  than  the  room,  for  the  space  between  jacket  and  calorimeter  then 
Ds  with  dead  air,  colder  than  the  room,  and  the  exchange  ceases.  Frequently 
le  most  important  of  all  these  extraneous  heat  effects,  on  the  calorimeter,  is 
le  heat  loss  by  evaporation  of  water  into  the  unsaturated  atmosphere  of  the 
iOOL  This  heat  loss  depends  on  the  temperature  of  the  calorimeter,  increas- 
tg  in  rate  as  the  temperature  of  the  calorimeter  rises,  and  on  the  relative 
humidity  "  of  the  air  in  the  room.  This  effect  is  always  a  loss  and  is  inde- 
sndent  of  the  jacket. 

Stmiming  up  all  of  these  heat  exchanges  between  the  calorimeter 
ad  its  surroundings,  it  will  be  seen  that  the  ^*  radiation  rate  "  is 
^pendent  on  so  many  diflFerent  things  that  it  must,  for  accuracy, 
i  determined  for  the  beginning  and  end  of  each  run  of  the  calorim- 
er.  The  best  simple  assumption  as  to  variation  of  the  ''radia- 
3n  rate  "  between  the  two  end  conditions  of  the  run  is  that  the 
diatian  rate  varies  directly  with  the  temperature  of  the  calorimeter. 
Us  is  better  than  to  assimie  straight-line  variation  with  tempera- 
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ture  difference  between  calorimeter  and  jacket,  because  this  teat 
perature  difference  controls  only  part  of  the  various  heat  <*Tfr.haiHB% 
while  the  calorimeter  temperature  enters  as  a  controlling  factor  into  ' 
all.  The  common  assumption  that  ^^  radiation"  is  zero  or  nc^  ■ 
gible,  when  the  initial  calorimeter  temperature  is  just  as  much  bdoK 
the  jacket  temperature  (or  room  temperature)  as  the  £nal  calodflK 
eter  temperature  is  above  the  same,  is  quite  unjustified. 

256.  Method  of  Operating  a  Bomb  Calorimeter.  —  The  condiict 
of  a  determination  may  now  be  considered.  The  calorimeter  ani 
accessory  apparatus  are  assumed  to  be  dean  and  in  working  orioJ} 
The  first  thing  to  be  done  is  to  find  the  "  water  equivalent "  of  tk 
calorimeter,  imless  this  is  already  known.  This  may  be  done  in  one^ 
of  three  ways: 

(a)  Calculation.  —  Weigh  separately  each  of  those  parts  of  thiS 
instrument  that  go  through  the  same  temperature  range  as  tU 
water.  Multiply  each  weight  by  the  specific  heat  of  the 
of  which  the  part  is  made.  The  summation  of  these  products; 
the  water  equivalent.  Allowance  must  be  made  for  the  poor 
ductivity  of  wood  or  glass,  which  generally  acts  so  that  only  a 
face  layer  of  such  material  is  thermally  active  during  the  running 
the  calorimeter;  in  a  less  degree  such  an  allowance  should  be 
for  neutral  parts  projecting  markedly  above  the  surface  of  the 

(b)  Method  of  Mixtures.  —  Partly  fill  the  calorimeter  vessd 
a  known  mass  of  water.    Allow  all  parts  to  come  to  thermal 
librium,  then  determine  temperature  and  radiation  rate.    Add 
known  mass  of  water  (completing  the  filling  of  the  calorimeter), 
known  temperature  considerably  higher  or  lower  than  that  of 
water  already  in  the  calorimeter.     Stir  to  equilibrium,  taking 
ings  of  temperature,  and  finish  with  a  determination  of  the 
radiation  rate.    After  correction  for  radiation  the  discrepanqr 
the  heat  balance  is  the  product  of  the  water  equivalent  and 
observed  temperature  range.    Make  several  determinatiiHis 
average  the  results. 

(c)  Method  of  A  dding  a  Known  A  mount  of  Heal  Inside  the  BonAi 
This  may  be  done  by  (i)  burning  a  sample  of  fuel  the  value  (rfwf 
is  aheady  well  known;  (2)  inserting  an  electrical  resistance  he 
iiiside  the  bomb  and  measuring  the  input  to  the  heater  with 
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HTdgh  out  into  the  cnidble  of  the  calorimeter  a  proper 
^sample^  usualfy  from  half  a  gram  to  two  grams,  depend- 
G  make  and  ^ze  of  the  calorimeter.  The  sample,  if  of  coal, 
•  in  a  finely  divided  conifiUoii,  about  fine  enough  to, pass 
ah  meve..  It  should  preferably  be  Somewhat  moist,  as 
ly  inoist  coal  bums  less  e^louvely  than  dry  coal,  particu- 
m:  aaiiq>le  IS  of  the  bituminous  orUgnite  variety.  Hence 
tmeter  sample  sfiay  best  be  made  up  from  the  coal  "  as 
^-  -(See  later-dneetions  forcoal  analyHS.)  Put  the  crucible 
ireighed  sanq^  into  the  bomb  and  arrange  the  igniter  for 
1  Put  a  few  drops  of  water  into  the  bomb.  This  insures 
Ijr  satumted  atmosphere  in  the  bomb,  and  hence  the  find- 
igher  heating  yalue  "  from  any  hydrogen.  Screw  the  top 
bcHnb  and  charge  the  bomb  with  oxygen  gas  to  the  correct 
Close  the  charging  cock,  and  put  the  charged  bomb  into 
n  the  calorimeter  vessel,  Fill  the  calorimeter  vessel  with 
d  amount  of  water.  Weighing  is  more  accurate  than 
g.  Arrange  stirrers,  thermometers,  etc.,  ready  for  opera- 
te calorimeter  liquid  should  not  be  over  a  degree  or  two 
hotter  than  the  jacket,  and  neither  ought  to  be  more  than 
Ses  different  from  room  temperature,  although  this  is  less 
t.  Let  the  calorimeter  stand  a  few  minutes,  watching  the 
are  and  occasionally  stirring,  until  the  parts  are  in  a  settled 
,  Then  determine  the  Initial  radiation  rate  by  tempera- 
svations  at  one-minute  intervals  extending  over  five  or 
ntes,  stirring  between  readings.  When  the  readings  have 
aatisfactory  constant  rate  of  change  of  temperature  (so- 
adiation  rate"),  start  the  igniter  on  some  even  minute, 
r  take  readings  every  half  minute  until  combustion  is  over: 
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and   the  calorimeter  settles  to   a   second   radiation  period.    Sltt 

thoroughly  between  readings.     Finish  with  a  determination  oiiai 

radiation  rate  similar  to  the  initial     Remove  the  bomb  from  te 

calorimeter.     Open  the  charging  cock  carefully  to  let  out  the  gasd 

Then  unfasten  the  cover  and  inspect  the  crucible  and  the  mteriorrf 

the  bomb  to  make  sure  of  complete  combustion.    Clean  up  tor  ttii 

next  run. 

The  observations  taken  during  a  commercial  test,  and  the  mefiul 

i:f  working  them  up,  are  as  followrs: 

S.\MPLE  CALCtn,.\TIONS  FOR  BOMB  C.\LORIMETES. 
Wdght  of  coal  sample,  grams l.lW 

Weight  of  iron  igniter  wire  burned,  grams a.mm 

Weight  o(  calorimeter  water,  grams (|# 

Water  equivalent  o(  calorimeler,  grams M\ 

Water  +  water  equi\-Blcnt.  grams IBK 

Pressure  of  oiygeo  charge  in  bomb i jo  tbs.  pec  squuc  H*. 

DJciilWcd  \'olu»  (k  bclQ-l                           V 

^ 

1   OUtn'al 

Uaa 

tUdiilion 

RadblioD 

c«- 

1 

Timt. 

Cilo- 
rimaa. 

Temp. 

tBVll. 

lUlc  lot 

the  Inter- 

vtX. 

Urv«l, 

™'™*  i  ^ 

J 

C 

+0-1J33  J3-3SJ 

+0,0948  2J.JIS 

B 

U 

Initial 

aj-Ji 

-o.ojiT   -0.0374 

I 

i6 

33  IS 

radia- 

^3  '3 

-0.0.36    -0,0373 

+0.067&  33,Jl8 

^.M 

iS 

33^8 

»3  '6 

-O.O.J6      -0O373 

+o,040433-J»  [''■''■ 

23-30 

33  3» 

rate. 
Ignition. 

33.39 

«.3- 
S5  36 

-o.oijs    -0.0370 
-°  0134    -0  o'34 
-0  0070    -0,0079 

+  o.o.j4'23-3'3 

11 

0   OOOo'33..l30 

J 

21         I?     30 

-o.oo;9|37.i<U 

'3\     i8,4S 

37,91 

-0  oo8j;38.442 

34      18 -6S 

»8.S7 

+0.00.S    +0:00.5 

-0  oo68l38,673 

'5      18.74 

as,  7. 

+o,ooip 

+0.0019 

-o.oo49]38.;35 

§ 

36'     38,?; 

38  76 

+o.oo;i 

+0  0021 

-0,003838,767 

.7,'     38.78+ 

38.  j8 

+  0.003I 

+  O.O02I 

-0,0=0738.784 

=8      38.79 

38.79 

+0.0011 

+  0    0021 

+0.001438.791 

3q'       38    79 

28.79 

+0.002. 

+0,0035  28,794 

30 

38.79 

38  79 

+0.0021 

+0.0021 

+0,005618,79* 

S2 

i3.79 

)8,79 

+o.oo;. 

+0-004J 

+o.oci9S;28,Soo 

a 

38-79 

38.79 

+0.0021 

+D    0042 

+  0 . 0 1 40'  38  S04 

36 

38.78+ 

Final 

38.79 

+0,0021 

+0  oiSi'iS  S03 

38 

38.78 

radia- 

18.78 

+0.0021 

+0   0042 

+0,0224,38  80J 

40 

38.77+ 

tion 

38. 78 

+0.0031 

+0.0043 

+0  036018  Soi 

38.77 

rate. 

2&-n 

+0-0021 

+o.oo4a 

+0,030828,801 

44 

J8.77 

j  18.77 

+  0.003I 

+0.Q04I 

+o,oj5o' 38,805 

The  first  calculation  is  for  the  "  radiation  correctkm."    The  1. 
he  initial  and  final  radiation- rate  determinations  should  be  {dotted 
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temperature  scale,  as  in  Figs.  352a  and  351b,  aad  thi:  slopes  of  the  stni^' 
lines  accurately  determined,  with  the  mean  temperatures  at  whicb  each  Weil 
found.  Then  plot  Fig.  3i;ji:.  radiation  rate  against  temperature  in  caloiiDUtai' 
drawing  a  straight  line  through  the  two  points  determined.  j 

1.  Long  Method  for  Rtulinlion  Correction.  —  Average  the  readings  d  tli( 
test  in  f)airs  success! velj-,  to  give  the  colunin  "  mean  lemperature  of  intervd.'. 
For  each  mean  temperature  of  iolcrval  pick  off  from  the  curve,  Fig.  jjic,  ttfe 
"  radiation  rate  for  the  interval."  Multiply  the  radiation  rate  by  Ihc  tiiilt 
length  of  the  interval  in  minutes,  getting  the  "  radiation  for  the  intcrviL'' 
Assume  zero  radiation  correction  at  any  arbitrary  reading  (in  this  case  t&( 
reading  at  ignition).  Then  the  "  total  radiation  correction  "  at  any  olilC 
reading  of  the  test  is  the  summation  of  the  values  of  "  radiation  lor  llR 
interval  "  between  this  reading  and  the  reading  at  which  the  radiation  i| 
assumed  zero.  The  coniirmed  summation  of  the  column  "  radiation  for  HlJ 
interval  "  gives  the  column  "  total  radiation  correction."  Total  radia^ 
correction  added  to  the  observed  temperatures  gives  "'corrected  CempeiatoMfl 

If  the  radiation  correction  has  been  properly  made,  the  corrected  • — — ^ 
■  tures  for  the  radiation  runs  at  the  beginning  and  end  of  the  lest  a 
constant  within  the  error  of  reading.     This  is  very  nearly  realized,  ihi 
being  23.318"  for  the  initial  and  ^8.803°  for  the  final  radiation  runs- 
tion  of  the  column  of  "  corrected  temperatures,"  in  comparison  with  tbtl 
"  observed  temperatures,"  will  show  that  the  observed  temperatures 
a  constant  value  for  some  time  before  the  corrected  temperatures  did. 
means  that  there  was  still  going  on  in  the  calorimeter  a  slight  evolution 
heat  which  was  practically  balanced  by  radiation  loss.     Thf  run  proper  mm 
calorimeter  must  not  be  cnitsidercd  complete  untU  a  constant  rale  of  dmnt't. 
calorimeter  temperatures  ■J^ainst  Hine  has  been  established. 

The  corrected  rise  of  temperature  in  the  example  here  given 
ence  of  the  average  corrected  temperatures  for  the  final  and  initial  radisii 
periods,  or  38.803  -  23-318  =  5.485°  C. 

2.  Shorter  Method  for  R.uiialion  Correction.  —  Plot  Fig.  3523  and  Fig.  jj 
as  before.  Find,  by  the  trapezoidal  or  Durand's  rule,  the  time  average 
perature  of  the  run  proper,  that  is,  from  1 ;  :3 1  to  i  a  734  Inclusive  in  the  eaa 
The  average  temperature  is  ;8.42''  C.  In  Fig.  3sic  find  that  the  radi. 
rate  corresponding  to  this  average  temperature  is  +o.oori  degree  permiM 
The  time  is  13  minutes.  Hence.  13  xo.ooii  =  +0.0143,  the  radiadon  0 
rcction  for  the  run.  The  corrected  temperature  rise  Is  then  18.79  +  ©■*>'* 
23-3i  =  S484''-  This  method  of  calculation  is  exactly  equivalent  to  thek 
method  above,  but  avoids  practically  all  of  the  work.  If,  however,  one  « 
the  run  as  lasting  from  t_-:>i  to  ii:2^.  as  might  he  dotse.  judging  from  eha 
temperatures  only,  this  s)iort  method  would  not  show  that  the  chosen  I^ 
of  run  was  m  error,  while  the  longer  method  does  reveal  such  erro 

3.  Approximate  Short  Mdhoil  for  Radiation  Correction. ^Tbisi 
the  initial  radiation  rate  applies  until  the  time  when  a  temperatiu 
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midway  between  the  initial  and  final  temperatures,  and  after  that  time  the 
£oal  radiation  rate  appHes.  In  the  example  given  here,  the  average  of  initial 
and  final  temperatures  is  (28.79  +  23.32)  -^  2  =  26.06.  This  temperature  is 
readied  in  three-quarters  of  a  minute  from  the  start,  as  found  by  plotting  a 
rough  curve  of  temperature  against  time  for  the  nm.    Hence  we  have: 

Initial  radiation  rate  for  f  min.,  i  X  (—  .0136)  =  —.0102. 
Final  radiation  rate  for  i2i  min.,  i2i  X  (+  .0021)  =  +  0257. 
Total  radiation  correction,  H-  .0257  —  .0102  =  +  .0155. 
Corrected  rise,  28.79  +  -oiS  —  23.32  =  5.485°. 

This  result  agrees  exactly  with  that  of  Method  i,  but  this  agreement  is 
only  acxidental. 

4.  The  method  of  calculating  radiation  correction  for  the  run  by  applying 
the  algebraic  mean  of  the  initial  and  final  radiation  rates  to  the  entire  time  is 
incorrect;  a  little  thought  shows  it  to  be  irrational.  It  seems,  however,  to  be 
quite  commonly  used. 

5.  Calculations  of  Heal  Evolved,  —  The  heat,  in  calories,  evolved  in  the 
calorimeter  is  the  product  of  the  water  +  water  equivalent  in  grams,  multi- 
plied by  the  corrected  temperature  rise  in  degrees  C.  In  the  example  it  is 
*7S3  X  5.485  =  9615  calories.  The  combustion  of  the  iron  wire  in  igniting 
gave  1350  X  .0022  =  3.0  calories.  As  much  or  more  again  was  due  to  the 
electric  current  used  to  heat  up  the  iron  wire.  Hence,  we  may  say  that 
9615  -  6  =  9609  calories  came  from  the  coal  burned.  Since  B.t.u.  per  pound 
a  1.8  times  calories  per  gram,  and  weight  of  coal  was  1.2794  grams,  the  heating 

power  of  the  coal  was 

2--2 '—  =  13,820  B.t.u.  per  pound. 

1.2794 

This  calculation  assumes  the  specific  heat  of  water  =  i.oooo;  the  real  specific 
littt  for  the  mean  temperature  of  the  run  is  0.9972.  Remembering  that  the 
correction  for  this  specific  heat  applies  only  to  the  1408  grams  of  water  out  of 
*^  1753  of  (water  +  water  equivalent),  the  corrected  and  final  value  for  the 
lieating  power  is  13,820  —  30  =  13J80  B.t.u.  per  pound. 

In  commercial  work  the  corrections  for  heat  from  the  igniter  wire  and  for 
variation  of  the  specific  heat  of  water  from  unity  are  not  ordinarily  made. 

Olher  Forms  of  Fuel  Calorimeters. 

aS7.  Favre  and  Sabennann  Fuel  Calorimeter.  —  This  apparatus, 
^  shown  in  .Fig.  353,  consisted  of  a  combustion  chamber  A  formed 
Cif  thin  copper,  gilt  internally,  and  fitted  with  a  cover  through  which 
JoKd  combustibles  could  be  introduced  into  the  cage  C.  The  cover 
Was  traversed  by  a  tube  E,  connected  by  means  of  a  suitable  pipe 
bo  a  reservoir  of  the  gas  to  be  used  in  combustion,  and  by  a  second 
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tube  D,  the  lower  end  of  which  was  closed  with  alum  an 
tran^)arent  but  adiathennic  substances  which  pemutted  a 
the  process  of  combustion  without  any  loss  of  heat. 

For  convenience  of  observation  a  small  inclined  minor  WB! 
above  the  peep-tube  D.    The  pioducts  of  combustion  weic 


Fig.  353-  —  Favbe  and  Silbebhahn  Fuel  Calouuetek. 


off  by  a  pipe  F,  the  lower  portion  of  which  constituted  a  thi) 
coil,  and  the  upper  part  was  connected  to  the  apparatus  i 
the  non-condensible  products  were  collected  and  examine 
whole  of  this  portion  of  the  calorimeter  was  plunged  inti 
copper  vessel,  C,  silvered  internally  and  tilled  with  water,  wl 
kept  thoroughly  mixed  by  means  of  agitators,  B.  The 
vessel  stood  on  wooden  blocks  inside  a  third  one,  /,  the  a 
bottom  of  which  were  covered  with  swanskins  with  the  d 
and  the  whole  was  unmersed  in  a  fourth  vessel,  J,  filled  m 


3me  sjpongy  platiniun  fixed  at  the  end  of  the  jet. 
Dustion  is  slower  than  in  the  bomb,  and  radiation  thus 
s  more  important,  and  introduces  larger  uncertainties  into 
ilts.    Favre  and  Silbermann  calorimeters  will  not  be  found 
Qerdal  work. 

Carpenter  Calorimeter.  —  The  Carpenter  calorimeter,  Figs. 
1  355,  introduces  a  novelty  in  that  it  makes  the  calo- 
liquid  do  its  own  thermometry.  For  this  purpose  the 
;ter  vessel  is  dosed  at  the  top,  and  is  completely  filled  by 
rimeter  liquid  (usually  water) .  The  calorimeter  vessel  thus 
I  practically  the  bulb  of  a  huge  thermometer. 
(eaeral  appearance  of  the  instrument  is  shown  in  Fig.  354;  a 
I  view  of  the  interior  part  is  shown  in  Fig.  355,  from  which  it 
liat  in  principle  the  instrument  is  a  large  thermometer,  in 
»  of  which  combustion  takes  place,  the  heat  being  absorbed 
iquid  which  is  within  the  bulb.  The  rise  in  temperature 
ed  by  the  height  to  which  a  colunm  of  liquid  rises  in  the 
I  glass  tube. 

istruction,  Fig.  355,  the  instrument  consists  of  a  chamber, 
ch  has  a  removable  bottom,  shown  in  section.  The 
•  is  supplied  with  oxygen  for  combustion  through  tube 
ie  products  of  combustion  being  discharged  through  a  spiral 

29.  30. 
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and  also  at  34,  in  the  top  of  the  water  chamber,  and  at  36  10 
top  of  the  outer  case. 

This  instrument  readily  slips  into  an  outside  case,  which  isnid 
plated  and  polished  on  the  inside,  so  as  to  reduce  radiation  ai  mi 
as  possible.     The  instrument  is  supported  on  strips  of  felting,  j  a 
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6,  Fig.  355.    A  funnel  for  filling  is  provided  at  37,  which  caa 
be  used  for  emptjnng  if  desired. 

The  plug  which  stops  up  the  bottom  of  the  combustion  dui 
carries  a  dish,  22,  into  which  the  fuel  for  combustion  is  okced: 
two  wires  passing  through  tubes  of  vulcanized  fiber, 
justable  in  a  vertical  direction,  and  connected  with  a 
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wire  at  tBe  ends.    These  wires  are  connected  to  a  source  of  electric 

current  and  used  for  firing  the  fuel.    On  the  top  part  of  the  plug  is 

placed  a  silver  mirror,  38,  to  deflect  any  radiant  heat.    Through 

the  center  of  this  plug  passes  a  tube,  25,  through  which  the  oxygen 

passes  to  supply  combustion.    The  plug  is  made  with  alternate 

layers  of  rabber  and  asbestos  fiber,  the  outside  only  being  of  metal, 

which,  being  in  contact  with  the  wall  of  the  water  chamber,  can 

transfer  little  or  no  heat  to  the  outside. 

The  discharge  gases  pass  through  a  long  coil  of  copper  pipe,  and 
are  discharged  through  a  very  fine  orifice  in  a  cap  at  30  in  Fig.  355, 

jr  at  C  in  Fig.  354. 

The  eflfect  of  the  combustion  is  to  expand  the  water  and  thus 
aise  the  outer  level  in  the  tube  10.  The  theory  is  that  this  expan- 
ion  is  a  direct  function  of  the  amount  of  heat  added  to  the  water, 
n  iM:actice  the  rise  in  the  tube  must  be  corrected  not  only  for  radia- 
loQ  but  also  for  the  fact  that  the  coefficient  of  expansion  of  water 
aries  rapidly  with  the  temperature.  In  the  directions  furnished 
ith  the  earlier  instruments  the  latter  fact  was  not  taken  into 
xount  and  radiation  was  accounted  for  simply  by  letting  the 
Jorimeter  stand,  after  the  combustion  was  completed,  for  the 
me  length  of  time  as  wa$  taken  up  by  the  combustion,  noting 
le  drc^  in  the  water  level  in  the  tube.    This  drop  was  then  added 

the  rise  obtained  during  combustion,  on  the  assumption  that 
diation  kept  the  rise  down  by  the  amount  noted.  This  method 
not  rational. 

It  will  be  appreciated  that  the  heat  interchanges  controlling  the 
e  in  the  tube  are  rather  complex,  and  the  best  way  to  obtain  a 
indardization  of  the  instrument  is  to  calibrate  by  means  of  bum- 
{ a  certain  quantity  of  a  fuel  of  known  heating  value.  The  "  cali- 
ition  constant "  will  be  a  function  of  the  temperature  of  the 
orimeter  liquid  (on  account  of  the  change  of  coefBcient  of  ex- 
ision  with  temperature),  and  a  thermometer  should  therefore  be 
vided.  In  the  commercial  form  of  this  calorimeter  as  described 
;  may  be  done  by  inserting  a  thermometer  cup  in  place  of  the 
r  plug  or  funnel  37. 

djustment  of  the  height  of  liquid  in  the  expansion  tube  is  some- 
s  necessary.     To  make  this  adjustment,  cut  in  between  the 
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stuffing  box  at  the  top  of  the  calorimeter  and  the  ezpaosioo  ti 
glass  tee  with  a  ground  cock  in  the  side  branch,  Tna^ing  coootd 
by  a  rubber  tube  to  a  reservoir  hung  behind  the  scale  and  e 
tube.  Adjustmenl  of  scale  reading  is  made  by  opening  theg 
cock,  moving  the  reservoir  up  or  down,  and  closing  the  cock, 
the  calorimeter  b  not  in  use  the  cock  should  be  open,  so  that  as 
calorimeter  coob  off  the  liquid  may  not  contract  so  far  as  to  dl 
air  into  the  top  of  the  calorimeter. 

Xo  stirring  is  done.  The  argument  is  that  if  one  pan  of  H 
liquid  becomes  hotter  than  the  rest,  it  expands  correspondingly.* 
hence  changes  the  scale  reading.  .\s  the  scale  shows  the  total  I 
pansion  of  the  entire  body  of  liquid,  it  indicates  accurately  the  M 
temperature  of  the  liquid.  Temperature  differences  in  diSen 
parts  of  the  liquid  cannot  become  large,  for  convection  cuire 
would  then  be  set  up  which  would  tend  to  restore  equihbriuoL 

To  make  a  run  with  the  Carpenter  calorimeter  proceed  as  f( 
See  that  the  calorimeter  is  correctly  set  up  inside  its  jacket,  tl 
thermometer  and  plug  are  in  place,  etc.  Adjust  the  water  level 
the  scaled  expan.sion  tube  to  be  just  above  the  zero  of  the  s 
Weigh  out  a  fuel  sample  (about  one  gram),  preparing  the  samp 
in  the  directions  above  for  the  bomb,  by  grinding  some  of  the"o 
as  received"  to  about  the  fineness  of  a  loo-mesh  sieve, 
the  charging  plug  from  the  calorimeter,  adjust  the  loaded  aad 
upon  the  stand,  and  set  the  igniter  ready  for  operation.  ScreiTl 
plug  back  into  place.  Connect  up  the  igniter  wires  and  the  CHcyf 
tube.  Turn  on  the  oxjgen,  adjusting  the  supply  until  it  f 
through  under  an  entering  pressure  of  about  3  inches  of  water^ 
indicated  by  a  manometer  connected  on  the  line.  Let  the  a 
ment  stand  with  ox>'gcn  on  for  about  five  minutes  to  become  sto 
Then  take  a  reading  of  the  scale  and  the  thermometer, 
minutes  later  repeat  these  readings.  These  establish  the  uj 
"  radiation  rate."  At  the  instant  of  this  second  set  of  rei 
operate  the  igniter  to  start  the  combustion,  watching  throm 
windows  provided  for  that  purpose.  If  the  coal  flames  up  con 
ably,  choke  the  oxygen  supply  until  the  flame  quiets.  Tai 
ings  of  the  scale  at  least  every  five  minutes,  exactly  on 
dating  from  the  time  of  ignition.    It  is  better  to  taj 
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more  frequentiy,  say  every  two  or  three  minutes,  while  the 

ustion  goes  on.    Combustion  continues  from  ten  to  fifteen 

utes.    After  combustion  ceases  it  takes  from  ten  to  fifteen  min- 

longer  for  the  calorimeter  to  steady  on  to  the  second  radia- 

rate.    Continue  r^uiings  at  five-minute  intervals  until  a  main- 

ed  steady  change  from  reading  to  reading  shows  that  the  final 

iation  rate  has  been  found.    With  the  last  scale  readings  observe 

the  temperature  by  the  thermometer  of  the  liquid  in  the  calo- 

ter.    Shut  olGF  the  oxygen ;  remove  the  plug.    Weigh  the  crucible 

ash,  after  drying,  to  determine  the  ash  content  of  the  coal.    The 

bustion  in  this  calorimeter  is  so  quiet  that  the  calorimeter  sample 

es  for  the  ash  determination. 

iF       259.  Calculations  with  the  Carpenter  Calorimeter.  —  The  calcu- 

^'l«tions  and  observations  for  this  test  are  like  those  of  the  bomb 

calorimeter,  with  the  substitution  of  calorimeter  scale  reading  for 

calorimeter  temperature.    Radiation  rates,  rise,  corrected  readings, 

«tc.,  are  figured  on  the  scale  readings.    Then,  adding  the  actual 

observed  temperatures  of  calorimeter  liquid  at  beginning  and  end 

of  run,  and  dividing  By  2,  find  the  actual  mean  temperature  of  the 

run.    With  this  enter  the  calibration  curve  (of  calorimeter  constant 

against  mean  temperature  of  run),  and  find  the  particular  value  of 

the  constant  applying  to  the  run.    The  calorimeter  constant  times 

the  corrected  scale  rise  gives  the  B.t.u.  (or  calories)  produced  by  the 

burning  of  the  sample.    From  there  on  the  calculations  are  again 

like  those  of  the  bomb  calorimeter. 

It  has  been  mentioned  that  calibration  of  this  calorimeter  must 
be  made.  A  "known  "  fuel  may  be  prepared  very  easily  by  either 
burning,  coking,  and  grinding,  granulated  sugar  or  by  coking  and 
grinding  any  good  grade  of  soft  coal.  The  coking  should  be  done 
at  white  heat  under  exclusion  of  air.  The  coke  thus  made  should 
be  ground  to  pass  a  50-mesh  sieve,  and  should  be  used  dry  —  that 
is,  just  previous  to  use  it  should  have  been  dried  by  heating  for  an 
hour  or  more  at  250°  F.  or  higher.  The  combustible  portion  of  the 
material  so  made  may  safely  be  assumed  to  be  pure  carbon,  of  a 
heating  power  of  14,540  B.t.u.  per  pound,  equivalent  to  32.20  B.t.u. 
per  gram.  The  difference  in  weight  of  crucible  +  sample  before 
the  nm  and  dried  crucible  +  ash  after  the  run  gives  the  weight  of 
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liquid  hydrocarbons  of  the  methane  or  paraffin  series,  of  the  g 
formula  C,JIi,h^:.  The  first  member  of  this  series,  methane, 
is  a  gas  prominent  in  natural  gas.  The  heavier  members  of 
series  are  liquids.  By  distillation  these  different  hydrocarbons 
be  more  or  less  completely  separated  from  each  other.  Sim 
neously  with  the  distillation  more  or  less  chemical  break  down 
on,  and  towards  the  end  of  the  distillation  this  chemical  in 
down  of  the  heavier  hydrocarbons  is  the  most  important  part 
the  process. 

The  Texas  petroleum  contains  both  paraffins  and  olefins, 
tatter  hydrocarbons  of  the  general  formula  C»Hi,.  The 
of  the  olefins  makes  the  Texas  petroleums  less  valuable  as  a 
for  the  making  of  gasoline  or  kerosene,  and  causes  the  Texas  ( 
be  used  more  largely  in  the  crude  state.  California  petroleum 
an  asphaltum  base,  and  is  largely  used  in  the  crude  state  as 
in  the  refined.  Russian  petroletml  is  composed  mostly  of  ole&ns 
therefore  refines  differently  from  the  Eastern  American  pel 

Natural  gas  has  considerable  use  as  a  fuel  and  illununant  in : 
localities  favored  by  its  occurrence.  Artijkicl  gaseous  fuels  an: 
by  the  distillation  or  partial  combustion  of  coals.  Coal  gat  6i 
minaiing  gas  is  a  distillation  product.  Water  gas  combines  ifi 
tion  with  partial  combustion  in  the  presence  of  steam. 
gas  is  made  by  a  partial  combustion  process  in  the  presence 
mixture  of  air  and  steam.  The  characteristics  of  the  various 
are  illustrated  in  the  following  table; 
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Analysis  of  Fuels. 
The  analysis  of  fuels  is  commercially  necessary  as  a  baab 
ttrmining  the  market  value  of  the  fuel,  or  its  relative  value 
particular  case.    In  the  following  we  shall  conader  almost  a 
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or  a  ^ven  weight  of  fuel  sami^le.  The  excess  of  heat  may 
to  from  30  to  40  per  cent  of  that  from  the  combustjoa 
md  is  (directed  for  by  multiplying  the  heating  value  of  the 
ion  as  detennined  by  a 
ge  factor. 

j6  shows  the  general  rela- 
epartsof  this  calorimeter, 
s.  357  and  358  give  the  de- 
he  so-called  cartridge  D. 
rtridge  there  is  placed  the 

coal  together  with  the 
mount  of  the  chemical 

the  generation  of  the 
■  oxygen,  the  charge  be- 
ied  gas  tig^t.  The  mix- 
one  by  shaking.  After 
le  cartridge  is  placed  in 
[meter  vessel,  the  covers 
i,  and  the  fuel  is  lighted. 
s  done  by  continuous  ro- 
i  means  of  the  pulley  P, 
the  water  being  agitated 
lall  blades  shown  at  the 
>e  cartridge.  The  casing 
same  figure  is  open  top 
■ra  to  promote  water  cir- 

Igoition  is  produced  in 

depending  upon  the  construction  of  the  cartridge.  In  Fig. 
;s^g  the  cap  0  against  the  spring  N  opens  the  valve  M, 
on  may  then  be  effected  by  dropping  a  piece  of  red-hot 
1  the  central  hole.  Fig.  358  shows  a  modification  in  which 
c  current  is  used  to  fuse  the  wire  G.  Contact  is  made 
'.  and  the  stem  B.  In  either  case  the  heat  of  ignition  must 
ed  for. 

ervations  taken  during  a  run  are  the  same  as  for  the  ordi- 
)  and  the  computations  are  made  in  the  same  way.  The 
r  allows  of  very  quick  determinations.    There  are,  how- 


FiG.  356. —  Parr  Fuel  Calobimetzb, 
.1. 
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,  and  with  careful  exclusion  of  air  in  order  to  prevent  any  burn- 
of  the  sample.    The  determination  really  made  is  (moisture  + 
,  both  being  expelled  by  the  process.    The  volatile  is  then 
mund  by  difference,  since  the  moisture  is  already  known  from  the 
gireceding  test.    A  convenient  method  is  as  follows:  Weigh  out 
accurately  on  a  chemical  balance  10  to  12  grams  of  sample.    Put 
it  into  a  porcelain  or  fire-clay  (Hessian)  crucible  of  a  capacity  two 
0r  three  times  the  volume  of  the  sample.    If  the  coal  is  not  very 
moist,  wet  it  slightly  after  putting  it  into  the  crucible.    The  extra 
moisture  so  introduced  serves  to  expel  air  from  the  crucible  and 
pievent  all  oxidation  of  the  sample.    Take  a  piece  of  asbestos  paper 
somewhat  larger  than  the  top  of  the  crucible;  wet  it,  put  the  wet 
paper  between  the  edge  of  the  crucible  and  the  lid,  and  weight  down 
the  lid.    This  gives  a  tight  lid,  which  will  act  as  a  safety  valve, 
allowing  the  escape  of  moisture  or  volatile  from  within  the  crucible, 
but  preventing  the  ingress  of  air.    Heat  the  crucible  with  a  blast 
lamp  capable  of  taking  the  temperature  well  up  toward  a  white  heat. 
£feat  slowly  for  the  first  five  minutes,  while  expelling  the  moisture; 
then  heat  to  the  limit  of  the  apparatus  for  the  balance  of  i  half  hour. 
Cool  with  the  lid  on.    When  cool,  remove  the  lid  and  inspect  the 
contents  of  the  crucible  as  to  coking  power  of  the  coal,  noting 
whether  the  coal  has  coked  into  a  single  spongy  mass  or  is  still 
granular.     Carefully  remove  all  the  residue  from  the  crucible  and 
weigh  the  residue;  the  loss  from  the  original  weight  of  sample  taken 
is  moisture  +  volatile  matter.     Run  the  determination  in  dupli- 
cate; the  results  should  check  to  within  one  per  cent.     Find  the 
volatile  by  difference  of  the  result  of  this  and  the  moisture  deter- 
mination. 

As  variations  on  the  above  method  the  weights  might  be  taken 
of  crucible,  crucible  +  sample,  and  crucible  +  residue;  and  special 
crucibles  for  these  determinations  may  replace  the  common  porce- 
lain or  fire-clay  laboratory  crucible.  Fire-clay  crucibles  change  their 
weight  when  first  used  in  this  test,  absorbing  volatile  matter  and 
decomposing  it  with  a  deposition  of  carbon  in  the  crucible  walls. 
In  case  the  crucible  is  weighed,  a  new  fire-clay  crucible  should  there- 
fore be  saturated  by  a  blank  run  before  using  it  for  an  actual 
determination.      The  special  crucibles  which  can  be  had  for  thi* 
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determination  have  clamp  lids  and  allow  the  recovery  and  anakal^ 
of  the  volatile  matter  and  moisture  driven  off  from  the  coal.   Tli 
latter  analysis  is  not  of  much  importance  commercially,  save  wboe 
the  coal  is  to  be  used  for  making  gas. 

267.  Determination  of  Fixed  Carbon,  or  non-volatile  combustihle» 
is  by  difference.  Above  have  been  given  the  determination  d 
moisture  and  volatile;  with  ash  and  fixed  carbon  added,  the  sum k 
100  per  cent.  The  fixed  carbon  is  found  by  subtracting  from  100 
per  cent  the  sum  of  moisture,  volatile,  and  ash. 

An  explanation  should  be  given  of  the  relationship  between  the 
"volatile"  and  the** fixed  carbon  "  found  in  this  method  of  testing. 
The  volatile  represents  only  a  portion  of  the  hydrocarbons  or  car- 
bohydrates of  the  coal.  The  heating  of  the  coal,  either  in  the  actoil 
furnace  or  in  the  crucible  in  the  volatile  determination,  deconqxMS 
the  hydrocarbons  partially  and  the  carbohydrates  almost  completdy, 
leaving  carbon  from  them  to  add  to  the  elementary  carbon  already 
present  in  the  coal,  increasing  the  fixed  carbon,  and  giving  cS  as 
volatile  simpler  hydrocarbons  and  those  in  smaller  quantities  than 
the  hydrocarbons  contained  in  the  coal.  It  is  because  of  this  dfr 
composition  of  the  hydrocarbons  and  the  carbohydrates  that  the 
analysis  of  the  volatile  does  not  give  the  composition  of  the  hydro- 
gen-carbon-oxygen compounds  in  the  coal. 

The  volatile  also  includes  sulphur  from  either  S  or  FeSi  in  the 
coal,  CO2  from  the  decomposition  by  heat  of  carbonates  in  the  coal, 
and  N2O5  from  the  decomposition  of  organic  nitrates. 

The  smaller  the  quantities  of  hydrocarbons  or  carbohydrates 
present,  the  higher  is  the  temperature  required  to  begin  thdr 
destructive  distillation.  In  the  hardest  anthracites  even  CH4  is 
decomposed  and  the  volatile  obtained  is  largely  hydrogen,  together 
with  sulphur  and  oxygen  and  nitrogen  from  the  decomposition  of 
organic  nitrates.  Up  to  20  per  cent  volatile  in  total  combustible, 
the  CH4  probably  makes  up  all  of  the  hydrocarbon  volatile  in  the 
coal.  Beyond  20  per  cent  volatile  in  the  combustible,  that  is,  with 
bituminous  coals  and  lignites,  heavier  hydrocarbons  are  present. 
Carbohydrates  characterize  the  lignites.  In  the  case  of  lignites 
and  semi-bituminous  coals,  even  heating  to  drive  out  moisture  may 
drive  out  some  volatile  combustible. 
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ever,  several  things  tending  to  impair  accuracy  that  shou 
meutioDed. 

(a)  The  sodium  peroxide  combines  violently  with  water,  ct 
the  fonn  of  moisture;  it  is  hard  material  to  handle,  and  it  is 
to  deteriorate  in  keeping.  ^_ 


Fig.  357-  ^c.  358. 

Details  of  CARTRmc.E,  Pabr  CiiLomuETEB. 

(b)  When  the  NaiOa  has  aged,  partially  changing  to  Nu 
character  of  the  by-reactions  and  the  heat  evolution  from 
change. 

(c)  The  excess  heat  from  the  by-reactions  does  noi 
the  same  ratio  for  C,  H,  and  S;  hence  a  ch&nge  in  tt 
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he  fuel  tested  involves  a  cliaiige  in  the  ratio  between  true  heat 

ombustion  azkd  heat  evolved  in  the  calorimeter. 

0  It  is  hard  to  get  complete  combustion.    The  fused  coke  re- 

iiing  in  the  "  bomb  "  after  a  run  frequently  contains  unburaed 

erial. 

espite  these  disadvantages,  the  Parr  calorimeter  is  accurate 

!gh  for  most  commercial  work,  and  when  checked  occasionally 


P>B>  359- — JmiKES  Gas  Caixiuubtek. 


Inst  a  good  bomb  calorimeter  it  is  quite  satisfactory.  This 
ddng  enables  the  operator  to  make  corrections  for  the  errors 
re,  as  they  are  occurring  in  his  own  work. 
f  the  discontinuous  calorimeters,  the  "bomb"  and  the  Favre 
Silbeniiann  may  be  called  "  primary"  instruments,  being  of 
oent  accuracy  for  scientific  as  well  as  commercial  work;  the 
peoter.  Parr,  and  others  like  them,  are  "secondary"  instru- 
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ments,  good  mougli  for  most  onnmerdal  woik  and  quite  ti 
provided  they  are  occasionally  checked  against  a  [oiniaiyiiiitr 

261.  Contlnuotts  Calorimeten. — CohUimoiu  caiorimelini 
typified  by  the  one  most  inq>ortant  in  engineering,  the  Junk 
orimeter,  Fig.  359  wid  Figs.  360a  and  360b. 

Fig.  359  shows  the  parts  belongiiig  to  a  complete  outfit'  . 
left  there  is  a  delicate  wet  gas  meter  (inlet  at  g).  .The.g» 


Fig,  360a.  Fio.  360b, 

through  a  pressure  regulator  and  is  then  supplied  to  a  buni^l 
centrally  In  the  calorimeter.  Water  is  supplied  at  a  {bba 
overflow),  regulated  at  e.  and  escapes  at  c.  /  is  a  drain  oodi: 
water  is  measured,  cither  in  a  graduated  cylinder  as  shonij 
some  other  means.  The  water  of  condensation  is  caa^ 
measured  at  d.  ;  .^■.- 
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Comparing'  these  figures  with  those  given  by  the  chemical  analysis  above 
it  will  appear  that  the  agreement  is  fairiy  close  with  the  excq>t]on  of  that  for 
total  carbon.  As  pointed  out  above,  this  is  largely  due  to  the  fact  that  in  this 
method  of  computation  the  sulphur  content  is  practically  all  added  to  the  total 
carbon,  and  if  the  sulphur  content  of  the  coal  be  known,  as  it  is  in  this  case 
(1.32  per  cent),  correction  can  be  made  so  that  the  computed  chemical  analysis 
will  finally  show. 

H  Total  C  N  O  S  Aah  H^ 

4.06  61.68  1.22  7.22  1.32  11.64  12.91 

271.  Sulphur  Determination.  —  A  determination  of  sulphur  is 
occasionally  of  interest,  and  in  some  cases  necessary,  as,  for  example, 
in  coals  used  to  make  illuminating  gas  and  for  the  fuel  for  gas 
producers,  cupolas,  or  blast  furnaces.  High  sulphur  will  make  its 
presence  known  without  special  analysis.  In  ordinary  boiler  work 
sulphur  is  fairly  harmless.  In  economizer  installations,  where  the 
flue  gases  are  cooled  considerably,  the  SO2  and  SOa  formed  from 
combustion  of  S  combine  with  moisture  to  form  HsSOs  or  H2SO4 
(sulphurous  or  sulphuric  add),  which  corrode  the  joints  of  the 
economizer.  Similar  trouble  may  occur  in  ordinary  boiler  work,  but 
there  the  temperature  of  the  flue  gases  is  usually  too  high  to  allow 
the  formation  of  much  of  the  acids. 

The  American  Chemical  Society  directions  for  sulphur  analysis 
are  as  follows: 

Mix  thoroughly  one  gram  of  finely  powdered  coal*  with  one  gram 
of  magnesium  oxide  and  one-half  gram  of  dry  sodium  carbonate  in 
a  thin  platinum  dish  having  a  capacity  of  75  to  100  c.c.  A  crucible 
may  be  used,  but  a  dish  is  preferred.  The  magnesium  oxide  should 
be  light  and  porous,  not  a  compact,  heavy  variety. 

The  dish  is  heated  in  a  triangle  over  an  alcohol  lamp,  held  in  the 
hand  at  first.  Gas  must  not  be  used,  because  of  the  sulphur  that  it 
contains.  The  mixture  is  frequently  stirred  with  a  platinum  wire 
and  the  heat  raised  very  slowly,  especially  with  soft  coals.  The 
flame  is  kept  in  motion  and  barely  touching  the  dish,  at  first,  till 
strong  glowing  has  ceased,  and  is  then  increased  gradually  till, 
in  fifteen  minutes,  the  bottom  of  the  dish  is  at  a  low,  red  heat. 
When  the  carbon  is  burned,  transfer  the  mass  to  a  beaker  and  rinse 

*  With  coals  high  in  moisture  a  correction  may  be  necessary  on  account  of  the  loss 
of  water  in  powdering  the  coal.     (See  above,  under  Moisture.) 
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of  14,540).  P^ut  of  the  sulphur  is  present  as  FeSt  (p3rrites).  The  sulphur  may 
bum  to  either  SOs  or  SOa;  and  dq)ending  on  its  initial  condition  and  the  com- 
poimd  formed  in  burning,  the  heating  power  varies  widely.  Combined  carbon 
and  hydrogen  in  hydrocarbons  have  not  the  same  heatiog  power  as  if  they 
existed  separately  side  by  side;  the  heat  of  formation  or  dissociation  of  the 
hydrocarbon  must  be  considered.  This  makes  the  heating  powers  for  part 
of  the  carbon  and  all  of  the  hydrogen  wrong.  The  amount  of  error  depends 
on  the  particular  set  of  hydrocarbons  present  in  the  coal;  in  some  cases  it  may 
amount  to  20  per  cent  of  the  Dulong  formula  value  for  the  heating  value  of 

a  hydrocarbon.    The  term  ( ^  ~"  ^ )  does  not  contain  a  proper  correction  for 

the  hydrogen  contained  in  moisture,  for  not  all  of  the  oxygen  in  the  coal  is 
combined  with  hydrogen.  Part  of  the  oxygen  is  probably  combined  with 
nitrogen  in  organic  nitrates  and  part  may  be  present  in  carbonates  in  mineral 
matter  caught  in  the  coal. 

Taking  these  facts  into  consideration,  it  is  not  surprising  to  find  the  difference 
between  the  Dulong  formula  values  of  heating  power  and  the  values  deter- 
mined experimentally  in  a  calorimeter  to  be  frequently  as  high  as  10  per  cent. 
Usually  the  formula  comes  within  5  per  cent  in  the  cases  of  anthracite  coals. 
The  error  of  the  formula,  with  the  coefficients  given  above,  is  usually  an  error 
of  excess. 

Empirical  formulas,  of  the  same  type  as  the  Dulong,  but  with 
coeffidents  worked  out  by  comparison  of  chemical  analyses  with 
experimentally  determined  heating  powers,  give  better  results,  but 
are  still  too  widely  and  irregularly  in  error  to  be  allowable  in  modern 
engineering  work.  One  such  formula,  of  fairly  wide  use,  is  that  of 
the  Verein  Deutscher  Ingenieure.  It  gives  the  lower  heating  value 
of  a  coal,  with  W  =  per  cent  of  moisture,  and  other  symbols  as 
above. 

Calories  per  kilogram  =  8000  C  +  29,000^^  -  —j  +25005- 600  JF. 
B.t.u.  perpoimd  =  14,400 C  +  S2,ooofF  --)  +45005— 1 100 PT. 

The  only  way  to  get  the  heating  value  of  a  fuel  reliably  and  accurately 
is  to  determine  it  experimentally  with  a  calorimeter.  Such  a  calo- 
rimeter determination  forms  a  part  of  the  proximate  analysis  of  a  coal. 

Similar  empirical  formulas  have  also  been  established  for  com- 
puting the  heating  value  of  hydrocarbon  combinations,  either 
solid,  liquid,  or  gaseous.  It  will  not  do  simply  to  proceed  on  the 
Dulong  principle  and  to  multiply  the  percentages  of  C  and  H 
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^73^  BvyiiK  Caoi  bf  Aaif j  lii  — TEie  mcixasa^  oar  cf  cool 
aiKkljrses  as  a  bsbs^  for  <&t£nzimiBg  aal  irzloes.  and  dhe  s^uwiug 
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a  j^Ktier^  tkinjr,  cook  commz  trom  tiie  szme  nfoe  at  <5Serent 
timi^.  or  *v<5n  froci  drrerent  points  of  tie  sizae  coal  acid,  do  not 
vary  ;cr<tstth'  in  the  crjunpoatioa  or  value  of  thor  OMZibastible 
f^iftifjRSt.  The  variatkiQS  are  in  the  ash  and  mocstizie  content. 
By  ?Mtidmg  samples  at  intervals  to  some  laboratory,  complete 
aivaiy.v:!^  of  the  coal  may  be  obtained,  which  will  give  the  nature 
and  value  of  the  combustible  part  of  the  cooL  Then  the  firm  may 
make  frequent  checks,  upon  e\'eiy  large  delivery,  say.  of  ash  and 
moisture.  TTie^se  latter  determinations  can  be  made  by  working 
wjlh  fairly  large  weights  of  samples,  with  no  nxMre  daborate  ap- 
paratus than  a  fairly  accurate  bench  scale,  some  tin  pans,  a  drying 
fjfVfm.  a  thermometer,  two  or  three  Bunsen  burners,  and  a  few 
H#:?«sian  or  fxircelain  crucibles,  which  equipment  should  not  cost 
m(fre  than  $20,00. 

274.  Flue  Gas  Analysis  and  Combustion  Calculatioos.  —  The 
ga«^  analyzed  in  engineering  woiic  are  those  resulting  from  com- 
bui^tion,  commonly  called  "flue  gases."*    They  consbt  of  varying 

*  Ffyr  the  analyw  of  pixxluccr  gas,  sec  the  chapter  on  the  testing  of  gucng^ 
producen. 
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mixtures  of  nitrogen,  oxygen,  and  carbon  dioxide,  with  lesser 
amounts  of  carbon  monoxide,  hydrogen,  water  vapor,  and  sulphur 
dioxide.  The  analysis  is  useful  as  a  basis  from  which  to  judge  of 
the  efficiency  of  combustion. 

The  methods  to  be  employed  must  be  such  as  any  engineer 
can  fully  comprehend,  and  the  apparatus  portable  and  convenient 
The  degree  of  accuracy  sought  need  not  be  such  as  would  be  required 
in  a  chemical  laboratory  where  every  convenience  for  accurate  work 
is  to  be  found.  Indeed,  considering  the  approximations  to  be  made 
in  its  application,  it  is  very  doubtful  if  determinations  nearer  than 
one  per  cent  in  volume  are  required,  or  even  of  any  value.  Such 
determinations  are  obtained  readily  with  simple  instruments,  and 
serve  to  show  the  approximate  condition  of  the  gaseous  products  of 
combustion.  The  student  is  referred  to  "  Handbook  of  Technical 
Gas  Analysis,"  by  Clemens  Winkler  (London,  John  Van  Voorst), 
and  to  "  Methods  of  Gas  Analysis,"  by  Dr.  W.  Hempel,  translated 
by  L.  M.  Dennis  (Macmillan  Company) ;  also  to  a  paper  on  tests 
of  a  hot-blast  apparatus  by  J.  C.  Hoadley,  Vol.  VI,  "  Transactions 
of  the  American  Society  of  Mechanical  Engineers." 

275.  Sampling.  —  The  first  step  in  the  analysis  is  the  obtaining 
of  a  representative  sample.  In  the  flues  the  mixture  of  the  gases 
may  be  far  from  homogeneous.  Hence  the  sampling  apparatus 
must  either  provide  for  mixing  the  gases  before  taking  the  sample 
at  one  point,  or  must  take  the  sample  at  so  many  points,  and  points 
so  distributed,  as  to  get  a  fair  average.  Allowance  should  be  made 
in  the  latter  case  for  variation  in  the  velocity  of  flow  of  gases  in 
different  parts  of  the  flue.  It  is  easy  to  provide  baffles  to  cause  eddy 
currents  in  the  flue,  and  so  bring  about  a  good  mixing  of  the  gases. 
Then  a  single  sampling  point  near  the  center  of  the  flue  is  sufficient. 

The  simplest  collecting  arrangement  is  a  ^-inch  pipe  of  such  length 
as  to  reach  nearly  across  the  flue.  This  pipe  is  perforated  with  a 
number  of  small  holes  spaced  along  its  length,  the  end  of  the  pipe 
being  plugged  up.  This  scheme  is  very  often  used  in  practice,  and 
where  the  mixture  of  the  gases  may  be  assumed  to  be  fairly  uniform 
it  is  probably  satisfactor>^  It  is  open  to  the  objection  that  probably 
a  greater  proportion  of  gas  is  drawn  into  the  tube  through  the  holes 
near  the  aspirator  than  through  the  openings  farther  away. 
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necessary  to  have  some  fonn  of  aspirator  to  draw  out  the  sample. 
The  aspirator  should  either  work  continuously  or  should  be  worked 
for  such  a  time  before  taking  a  sample  as  to  secure  a  thorough  flush- 
ing out  of  the  system  of  piping  used  in  the  sampling  device. 

The  aspirating  apparatus  may  taJte  several  different  forms.  The 
most  common  type  consists  of  two  bottles  with  double  outlets  and 
connected  as  shown  in  Fig.  361. 

The  operation  of  this  apparatus  is  of  course  intermittent,  and  since 
the  botties  are  usually  not  very  large,  the  time  during  which  any 
given  sample  is  taken  is  comparatively  short, 
which  means  that  many  of  them  are  neces- 
sary thoroughly  to  cover  a  test. 

A  modification  of  the  simple  bottle  aspi- 
rator by  means  of  which  it  is  possible  to  take 
a  time  sample  is  illustrated  in  Fig.  362.  Two 
cans,  E  and  S,  are  mounted  as  shown  about 
the  shaft  V.  In  the  position  shown,  E  is 
connected  with  the  sampling  tube  through 
the  connections  R,  L,  N.  The  water,  with 
which  E  was  originally  filled  to  the  top,  is 
allowed  to  drain  out  of  E  into  S  through  the 
connecting  pipe  M,  the  rate  of  transfer  being 
controlled  by  the  setting  of  the  cock,  i.  As 
the  water  recedes,  E  fills  with  gas.  The  water 
level  is  continuously  indicated  on  the  glass 
B.  In  the  meantime  the  gas,  which  it  is  as- 
sumed was  collected  in  S  when  this  was  in  the 
top  position,  is  displaced  out  of  S  through 
connection  A  and  is  either  taken  to  the  analyzing  apparatus  or 
wasted.  When  all  the  water  is  transferred,  the  position  of  the 
vessels  is  reversed  and  the  apparatus  is  ready  for  a  new  sample. 
The  cut  is  defective  in  that  no  stopcocks  are  indicated  in  the  out- 
lets near  the  conical  heads  of  the  vessels. 

The  transfer  liquid  used  in  collecting  apparatus  of  the  type  de- 
scribed is  usually  water.  It  will  be  pointed  out  below  that  water 
has  a  certain  influence  upon  the  composition  of  flue  gases  with 
which  it  ccwnes  in  contact,  and  it  is  consequently  better  to  collect 
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without  coat^ft  with  water  if  possible.    One  method  of  doing' 
is  indicated  in  Fig.  363.    This  apparatus  consists  of  a  glass 
pUng  tube  furnished  with  glass  stopcocks.     These  tubes  ca 
bought  from  any  chemical  dealer.    At  (me  end  the  tube  is 
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Fig.  363. — Abpixating  and  Coiiectino  Appakatub  fok  Flue  Guk 

nected  to  the  flue,  at  the  other  to  a  rubber  aerator  bulb, 
alternately  squeezing  and  releasing  this  bulb,  gas  will  be  drawn 
the  tube.  Enough  must  be  drawn  through  to  replace  the  as 
old  gas  in  the  tube.  The  proceeding  is  therefore  rather 
but  the  sample  obtained  will  not  be  disturbed  by  omtact 
water.  These  tubes  are  also  the  best  B 
of  collecting  and  storing  gas,  if  the 
cannot  be  performed  on  the  ^>ot.  Tlie 
cocks  should  be  greased  with  vaseHu 
time  to  time,  both  to  prevent  their 
and  to  make  them  gas-tight. 

To  cut  down  the  labor  of  filling  the  t 
with  fresh  gas,  an  ejector  is  a  handy  ioH 
ment,  where  water  or  steam  of  suflidentp 
sure  to  operate  one  is  available.  Fig. . 
shows  the  construction  and  operation  at  < 
type. 

Water  is  a  solvent  for  all  of  the  fluegl 
For  oxygen  and  nitrogen,  tap  water  it 
ready  saturated ;  but  it  will  absorb  considerable  quantities  at  ^ 
CO,  Hj,  and  SO5.  Hence  it  is  necessary  to  draw  a  gas  SHI 
into  the  sampling  bottle,  shake  liquid  and  gas  sample  toge 
reject  that  sample,  draw  another,  and  repeat,  tmtil  the  wat 
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the  gft^inpKng  bottle  is  saiuraied  with  the  particular  gas  niixittre 
which  is  being  sampled.  It  is  desirable  not  to  use  new  water 
each  time  in  the  sampling  bottles,  but  to  keep  and  use  the  same 
liquid  over  and  over  again.  This  reduces  the  possible  error  from 
failure  to  saturate  the  water  with  the  gases.  HjO  vapor  in  the 
flue  gas  of  coiuse  disappears  partly  at  this  stage  of  the  sampling 
process.  SO2  probably  does  the  same,  and  it  is  unlikely  that  SOt 
would  be  found  in  the  gas  in  the  sampling  bottle.  If  it  were  it 
would  be  shown  in  the  subsequent  analysis  as  CO2. 

The  solubility  of  the  gases  in  the  collecting  liquid  may  be  limited. 
The  scientific  method  is  the  collection  of  the  gas  sample  over 
mercury  instead  of  water.  The  addition  of  glycerine  to  the 
water  gives  a  liquid  in  which  the  solubility  of  the  gases  b  less 
than  with  water  alone.  The  addition  of  a  slight  amount  of 
some  strong  add,  as  H2SO4,  will  keep  COj  from  going  into  solu- 
tion. The  collection  of  samples  is  made  more  rapid,  and  analysis 
more  acctu'ate,  by  the  addition  of  glycerine  and  H2SO4  to  the 
sampling  water. 

276.  Analysis  of  Flue  Gas.  —  The  analysis  ordinarily  cmj^loycd 
is  volumetric.  A  definite  portion  of  the  sample,  usually  100  c.c, 
is  taken  and  submitted  in  turn  to  reagents  capable  of  abs()rl)ing 
the  various  component  gases.  After  each  al)soq)tion  the  volume 
of  the  remaining  gas  is  measured.  The  decrease  of  volume  from 
the  preceding  measurement  shows  the  volume  percentage  of  the 
gas  taken  up  by  the  last  absorbent. 

The  absorbents  used,  their  order  of  use,  and  method  of  action, 
are  as  follows: 

I.  KOH  (potassium  hydroxide,  caustic  potash)  in  solution  in 
water  is  used  to  absorb  CO2.  It  will  not  absorl)  X2,  Oo.  CO,  or 
H2,  but  it  will  absorb  SO2  if  any  be  present  in  the  sample.  As 
large  a  surface  of  the  KOH  solution  as  [Kjssible  should  comf;  in 
contact  with  the  gases.  Hence  the  gases  should  either  be  made 
to  bubble  through  the  solution  or  the  absorption  bulb  should  \>e 
filled  with  ^ass  beads  or  iron  wire  gauze,  which  will  expose  to 
the  gases  a  large  surface  wet  \*ith  the  KOH  solution.  The  strength 
of  the  sckatiotk  is  ordinarily  one  pact  by  weight  of  KOH  to  two 
parts  erf  water. 
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:|ailir  ^r.^  n  :-;  "./..  a  -vater.  ind  i^c-m-irK  ■:>!  KvIEE  srirk  form  in 
-Sc  '  7?  ^ar^-  inri  mix  "he  ''rvo  ioiTirions  Toe  iit,iinn=-  =oiiitioii 
VI  .-n;ifl/^  injl  ihsorh  CO-  )r  v7-.  iieace  :iiese  dkxsi  iiave  Dettn 
r'^mor-'^ri  >t-  the  KuH  Toiution  jefore  -iie  ib=ornrion  mci  ietennimi- 
'ion  it  '>  >  irtempred-  Tie  ise  >i  *iie  Tyrogailic  uiri  icdatiun 
i«»  ^imiUr  ^o  'hat  it  *Jic  KOH  ioiutioiL  5ave  "hnr  it  is  .ictvisabie 
to  prof i»r.*  -he  fj^Ti-ieailic  solution  :mm  ight,  o'  Phnsphnms  for 
rix-^'jm  ihsorotion  ^houid  be  in  itick  form.  Et  is  kept  umier  water. 
When  rhe  ^as  sample  to  le  inaiyzed  is  Mgpn  into  die  pnosphonis 
reagent  b^iib  it  displaces  this  water:  tiie  O*  reacts  with  the  P. 
forming  white  cid-uis  of  fumes  if  P/Js.  These  doods  socm  settle 
and  'lissoive  in  the  water.  The  pnosphonis  bulb  should  be  pro- 
terted  against  light.  To  form  the  phospiioius  sddcs.  mrit  the 
phr^phoris  under  water  hi  a  beaker  set  hi  a  water-badi.  Heat 
vi*ry  gently.  After  melting,  take  a  giass  tube  having  an  internal 
rliamet^  of  the  ^ize  of  the  sticks  desired.  Push  this  into  the 
melr/^d  phosphoras.  Place  the  inger  over  the  upper  aid  of  the 
tuh^e  and  ouickly  transfer  the  tube  with  the  pbDsphonis  it  axitains 
fo  a  Yffuker  containing  cold  water.  If  the  nibe  has  been  cut  off 
vjuare  at  the  lower  end  and  is  not  of  too  large  diameter,  this 
oy*f:rafion  r^n  r>e  r^rried  out  without  any  danger  whatever.  After 
r/y^linj^.  piish  the  stick  out  of  the  tube  into  cold  water  by  means 
<>f  '4  ^la-s  fxl.  The  strict  rule  to  be  obser\-ed  is  that  pho^honis 
^houUl  n^'ver  f*e  hanrjled  except  under  water  or  ofl.  The  reagent 
f'l},^-^  for  the  abvirfition  of  ox\'gen  must  be  so  constructed  that 
t^l^y  r'-rriain  air-tight. 

',.  r?irh<;n  monoxide  is  absorbed  in  an  ammoniacal  copper 
f  hlorKl^'  v»|ijtion.  The  solution  does  not  absorb  Xj  or  Hj,  but  does 
;ib^;rf;  (  ()?,  ^()2  or  O2.  Hence  it  must  follow  the  KOH  and  P 
(nr  ]tyr( f^nWu  acid)  absorptions.  This  copper  chloride  solution 
h  fiar/I  to  make,  d^)es  not  kec-p  well,  and  has  a  comparatively  limited 
ab^/»rlHfig  ii*/w*T.  Hence  the  determination  of  CO  is  often  omitted 
in    ordinary  flue   g<as  analysis,  although  this  is  never  advisable. 


COMBUSTION  AND  FUELS  519 

To  make  the  solution,  dissolve  10  grams  of  copper  oxide  (CuO) 
in  100  to  200  c.c.  of  concentrated  hydrochloric  acid  (HCl),  and 
allow  the  solution  to  stand  in  a  stoppered  flask  filled  with  copper 
wire  until  it  becomes  colorless,  that  is,  has  become  cuprous  chloride. 
This  clear  solution  is  poured  into  a  beaker  containing  i  J  to  2  liters 
of  water.  The  cuprous  chloride  will  be  precipitated.  Pour  off 
the  liquid  above  the  precipitate,  add  100  to  150  c.c.  of  distilled 
water,  and  add  ammonia  until  the  Uquid  takes  a  pale  blue  color. 
The  solution  should  be  used  fresh.  It  is  preserved,  and  its  capacity 
for  CO  increased,  by  immersing  in  it  spirals  of  fine  clean  copper 
wire. 

4.  Hydrogen  may  be  absorbed  and  measured  by  (a)  combustion; 
(b)  by  taking  it  up  in  palladimn.  (a)  After  removal  of  CO  from 
the  sample,  Hi  is  the  only  combustible  left.  Hence  an  amount  of 
air,  about  equal  to  the  remaining  gas  sample,  may  be  taken  into 
the  measuring  tube,  measured,  and  this  new  gas  mixture  may  then 
be  passed  into  a  combustion  tube  where  a  succession  of  electrical 
sparks,  or  an  electrically  heated  wire,  will  cause  the  burning  of  the 
hydrogen,  with  the  oxygen  of  the  air  just  added.  The  water  formed 
has  a  relatively  negligible  volume;  therefore  remeasurement  gives 
the  volimie  of  the  hydrogen  and  oxygen  consumed.  As  the  volu- 
metric reaction  is  2  H2  +  O2  =  2  H2O,  two-thirds  of  the  volume 
diminution  by  the  combustion  is  the  volume  of  the  hydrogen. 
(b)  Palladiimi  foil  has  the  peculiar  property  of  absorbing  hydrogen 
gas  in  large  amounts  at  ordinary'  temperatures,  although  it  does 
not  absorb  other  gases.  The  hydrogen  may  be  driven  out  of  the 
palladium  by  heat,  and  the  palladium  is  then  ready  to  use  again. 
This  method  of  absorbing  hydrogen  is  more  suited  to  commercial 
use  than  the  combustion  method.  It  requires,  besides  the  ab- 
sorbing tube  containing  the  palladium  foil,  a  small  alcohol  lamp 
or  other  device  for  heating  the  palladium. 

5.  Moisture  (H2O  vapor)  in  flue  gases  can  be  found  by  drawing 
the  gases  through  a  calcium  chloride  tube,  obtaining  the  increase 
of  weight  of  the  tube,  and  comparing  this  weight  of  H2O  ^^lth 
the  weight  of  the  gas  drawn  through,  figured  from  volume  and 
density.  TTiis  measurement  of  HoO  is  rarely  made,  as  it  is  possible 
to  calculate  the  H2O  from  the  analyses  of  the  coal  and  of  the  flue 
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gases.    If  it  is  made  it  must  of  course  be  done  before  the  gu 
come  in  contact  with  water. 

277.  Absorbing  Power  of  the  Reagents*  —  This  is  stated  in  < 
centimeters  of  the  particular  gas  which  one  cubic  centimeter  a 
reagent  concerned  will  absorb.  ISie  following  table,  however,  j 
the  cubic  centimeter  of  gas  that  may  be  absorbed  before  the  rea 
ceases  to  act  with  a  fair  degree  of  rapidity. 


Gas  to  be 
Absorbed. 

Reagent. 

Abaorbing  Pofwer. 

co» 

0, 
CO 

KOH  solution 
i  Potassium  p3TQgallate 
I  Pho^horus 

Ammoniacal  copper  chlo- 
ride solution 

40 
2.2J 

Practically  iinlimited  if 
protected  properly. 

4.0 

The  full  absorbing  power  can  be  obtained  approximatdy  by  ni 
plying  the  factors  given  by  4. 

278.  General  Forms  of  Flue  Gas  Analysis  Apparatus  and  lU 
of  Operation.  —  The  apparatus  employed  for  volumetric  gasa^l 
consists  of  a  measuring  tube,  in  which  the  volmne  of  gas  cM 
drawn  and  accurately  measured  at  a  given  pressiure,  and  a 
tube  into  which  the  gases  are  introduced  and  then  broug^Dii 
tact  with  the  various  reagents  already  described.  The 
employed  may  be  divided  into  two  classes:  (i)  those  in  which 
is  but  one  treating  tube,  the  different  reagents  being  su< 
introduced  into  the  same  tube;  (2)  those  in  which  there  are as^ 
treating  tubes  as  there  are  reagents  to  be  employed,  the 
being  used  in  a  concentrated  form,  and  the  gases  brou^t  ii 
tact  with  the  required  reagent  by  passing  them  into  the 
treating  tube. 

In  either  case  the  steps  are  as  explained  in  Article  276.    (1 
tain  100  c.c.  in  the  measuring  tube;  (6)  transfer  to  COi 
tube  and  absorb  CO2.    Transfer  back  to  measuring  tube 
the  reduction  in  volume.    Repeat  the  operation  until 
further  reduction.    If  the  reagent  is  in  good  shape,  the 
should  be  complete  after  two  transfers.    If  the  reduction  is  n 
in  cubic  centimeters,  the  reading  is  per  cent  COj  direct    (p) 
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■  fer  remainder  of  gas  to  treadng  tube  for  Oi  and  repeat  tbe  c^iera- 
tions  under  (fi).  The  total  reductkm  in  volume  will  now  be  tbe 
sum  of  COi  +  Oi.  (d)  Transfer  to  all  the  other  reagent  tubes  in 
tbeir  proper  succession  in  the  same  manner. 

The  following  form  is  convoiient  for  the  recording  of  da,ta,  and 
also  shows  the  principa]  items  of  computation  based  upon  the 
analysis. 

MECHANICAL  LABORATORY,  SIBLEY  COLLEGE,  CORNELL 
VSTVERSTTY. 


Ltc^umaf  Plata... 

Type  of  BoUerf 

KamherofBmlen.. 
Charader  of  Draft . . 


DaU.. 
By.... 


. 

Tinu 
Draf 

oist.ta^   . 

1 

|i 

u 

Per  cent  by  weight,  COi 

•'      "       O, 

"       "       CO 

N, 

Weight  flue  gas  per  loo  cu.  ft. 

Weight  free  oxygen  in  loo  cu.  ft.  flue  ga 

Weight  ait  per  loo  cu.  ft.  flue  gas 

Weight  carbon  per  :oo  cu.  ft.  flue  gas  . . 

Weight  air  per  pound  carbon    

Weight  air  per  pound  coal    


(Carbon 
Hydrogen  . . 
Oiygen 
Sulphur.... 
Theoretical  air,  pouiKis  per  pound  coal  . . . 

RaUo.  actual  to  theoretical  air  supply 

Heat  uniti  lost  per  pound  coal 

Heating  value  of  coa! . 

Pet  cent  of  heat  lost  in  flue 
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In  performing  these  various  operations  it  is  essential  that 
tubes  be  kept  clean  and  that  the  reagents  be  kept  entirely 
from  one  another.    This  is  accomplished  by  washing  or 
some  water  to  pass  up  and  down  the  tubes  or  pipettes  several 
after  each  operation. 

Flue  gas  analysis  apparatus  containing  only  one  treating 
is  not  very  often  uSed  at  present.    To  this  class  belongs  the 
apparatus  described  below.    The  other  class,  that  haviog 
treating  tubes  for  each  gas  to  be  absorbed,  is  exemplified  by 
main  types,  the  Orsat  and  the  Hempel.    There  are  a  number 
modifications  of  the  original  Orsat  apparatus,  but  the  changes 
only  in  details.    The  Hempel  apparatus  can  be  used  for  the 
of  any  gas,  while  the  Orsat  is  so  arranged  that  the 
reduction  of  volume  that  can  be  accurately  read  is  about  n 
2  2  per  cent,  this  being  in  any  flue  gas  the  maximum  of  the 
CO2  +  O2  +  CO. 

Of  all  the  apparatus  mentioned,  the  Hempel  is  probably  the; 
reliable  and  is  the  one  generally  employed  by  chemists  in  the 
tory.    Unfortunately  it  is  bulky  and  cannot  be  easily 
a  traveling  set.*     For  this  reason  engineers  generally  prefer 
Orsat,  which  when  arranged  in  a  traveling  case  does  not  mooSt 
occupy  more  space  than  6  inches  by  15  inches  by  24  indies,  the  I 
dimension  being  the  height.    If  carefully  handled,  this 
will  give  results  which  are  satisfactory  in  most  engineering 
As  between  the  Hempel  and  the  Orsat,  the  claim  is  made  that^ 
tain  of  the  gases,  particularly  CO,  will  not  absorb  completely 
active  shaking  together  of  reagent  and  gas.    This  procedure 
course  not  possible  in  the  Orsat  as  commonly  constructed. 
tion  is  also  made  to  the  volvmie  of  gas  contained  in  the  long 
tubes  usually  used,  which  volmne  may  be  a  considerable 
of  that  really  measured. 

279.  Elliot's  Apparatus.  —  This  is  one  of  the  most  simple 
for  gas  analysis,  and  consists  of  a  treating  tube  AB  and  a 
tube  A'B\  Fig.  365,  connected  by  a  capillary  tube  E  at  the 


*  Owing  to  the  efforts  of  Prof.  L.  M.  Dennis  of  the  Dq>t.  of  Chemistiy, 
University,  the  firm  of  Greiner  und  Friedrichs,  Sturtzerbach  i/Th.  B  now  009 
designing  a  traveling  "  Hempel,"  making  smaller  burettes  and  [Hpettes  1 
serious  loss  of  accuracy. 
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which  is  a  stopcock  G.  The  tubes  shown  in  Fig.  365  axe  set  in  a  frame- 
work having  an  upper  and  a  lower  shelf,  on  which  the  bottles  L  and 
K  can  be  placed.  In  using  the  apparatus,  it  is  first  washed,  which 
is  done  by  filling  the  bottles  with  water,  opening  the  stopcocks  F 
and  Gy  and  alternately  raising  and  lowering  the  bottles  K  and  L. 
The  bottles  and  tubes  are  then 
filled  with  dean  distilled  water, 
raided  to  the  positions  shown, 
and  the  stopcocks  G  and  F  are 
closed.  The  gas  is  then  intro- 
duced by  connecting  the  dis- 
charge from  the  aspirator  to  the 
stem  of  the  three-way  cock  F, 
turning  it  so  that  its  hollow 
stem  is  in  connection  with  the 
interior  of  the  tube  AB\  lower- 
ing the  bottle  L,  the  water  will 
flow  out  from  the  tube  AB  and 
the  gas  will  flow  in.  When  the 
tube  A  Bis  full  of  gas  the  cock 
F  is  closed,  the  aspirator  is  dis- 
connected, and  the  gas  is  mea- 
sured in  A'B\  The  gas  must 
be  measured  at  atmospheric 
pressure.  That  may  be  done 
by  holding  the  bottle  K  in  such 
a  position  that  the  surface  of  the 
water  in  the  bottle  shall  be  at 
the  same  height  as  that  in  the 
tube.  A  distinct  meniscus  will 
be  formed  by  the  surface  of  the 

water  in  the  tube;  the  reading  must  in  each  case  be  made  to  the  bot- 
tom of  the  meniscus.  To  measure  the  gas,  which  will  be  considerably 
in  excess  of  that  needed,  the  cock  G  is  opened,  the  bottle  K  depressed, 
the  bottle  L  elevated;  the  gas  will  then  pass  over  into  the  measuring 
tube  A'B'\  the  bottle  K  is  then  held  so  that  the  surface  of  the  water 
will  be  at  the  same  level  as  in  the  measuring  tube,  and  the  bottle  L 


Fig.  365.  —  Elliot  Apparatus  for  Flue 
Gas  Analysis. 
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manipulated  until  exactly  loo  c.c.  are  in  the  measuring  tube;  then 
the  cock  G  is  closed,  the  cock  F  opened,  the  bottle  L  raised,  and  the 
remaining  gas  wasted,  causing  a  little  water  to  dow  out  each  time  to 
dean  the  connecting  tubes.  The  measuring  tube  A'B^  is  surrounded 
with  a  jacket  of  water  to  maintain  the  gas  at  the  uniform  tempera- 
ture of  the  room.  .\f  ter  measuring  the  sample  it  is  then  run  over 
into  the  treating  tube  AB,  and  the  reagent  introduced  through  the 
funnd  above  F  by  letting  it  drip  very  slowly  into  the  tube  AB. 
After  there  is  no  further  absorption  in  the  tube  AB,  the  cock  F  is 
dosed  and  the  gas  again  passed  over  to  the  measuring  tube  A^B' 
and  its  loss  of  volume  measured.  This  operation  is  repeated  until 
all  the  reagents  have  been  used;  in  each  case  when  the  gas  is  run 
back  from  the  measuring  tube,  pass  over  a  little  water  to  wash  out 
the  connections;  exercise  great  care  that  in  manipulating  the  cocks 
F  or  G  no  gas  be  allowed  to  escape  or  air  to  enter. 

280.  The  Orsat  Af^iaratiis.  —  The  arrangement  of  a  complete 
Orsat  is  shown  in  Fig.  366.*  The  gas  is  drawn  through  k  into  the 
measuring  tube  a  by  manipulating  the  bottle*  after  the  old  gas 
has  been  driven  out  through  k  by  raising  the  bottle.  The  gas  is 
brought  to  atmospheric  pressure  lirst  by  drawing  in  a  little  gas  in 
excess  and  closing  the  stopcock  k.  then  by  raising  the  bottle  the 
gas  is  slightly  compressed  and  the  excess  may  be  driven  out  by  a 
quick  turn  of  k.  Repeat  this  until,  with  k  dosed,  the  water  in 
the  measuring  tube  will  stand  at  zero  when  the  levels  in  the  tube  a 
and  in  the  displacement  bottle  are  at  the  same  height.  The  ap- 
paratus should  then  contain  just  100  c.c.  at  atmospheric  pressure, 
but  if  this  volume  includes  ever\'thing  up  to  the  cock  ife,  it  will  be 
seen  that  not  all  of  the  gas  can  at  any  time  be  transferred  into 
the  reagent  tube  ft,  for  instance.  This  points  out  the  nature  of 
the  error  previously  mentioned  in  connection  with  the  capillary 
tube.  The  error  is  minimized  as  far  as  possible  by  having  the 
liquid  in  the  reagent  tubes  stand  above  the  stopcocks  up  to  marks 
put  on  the  glass  near  the  juncture  with  the  horizontal  capillary 
when  the  measurement  of  gas  is  made,  either  initially  or  at  any 
time  during  the  analysis.     But  this  requires  extremely  careful 

•  Reproduced  from  Hcmpel's  "  Gas  Analysis, "  L.  M. 
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Dg,  otherwise  some  of  the  reagent  from  one  tube  is  sure  to 

into  the  next  or  into  the  measuring  tube  a. 

method  of  operation  has  otherwise  been  explained,  see 
s  276  and  27S.    A  is  the  reagent  tube  for  COj,  c  that  for 


Flo.  366. — Qbsai  Apfakatus  ion  Fuje  Gas  Analvsis. 

n,  d  that  for  CO,  and  /  the  palladium  asbestos  tube  for  hy- 

d;  g  being  an  alcohol  lamp  for  driving  the  hydrogen  out  of  the 

Ihim  after  the  analysis.    T^e  tube/ is  rarely  used  in  engincer- 

nalyses. 

[.  The  Hempel  Apparatus  for  Gas  Analysis.  —  This  consists 

1  the  measuring  burette  and  (b)  absorption  pipettes  of  different 

i  fitted  to  the  various  reagents  used. 
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lioiate  rm  costact  with  air.  A  modified  fonn  is  also  made 
Dse  with  solid  reagents  Uke  phosphorus.  Comiection  to  the 
suing  burette  for  the  transfer  of  gas  is  made  to  the  tube  c. 
be  seomd  form  is  a  double  pipette  and  is  used  for  reagents 
alkaline  pyrogallol,  etc.,  which  soon  spoil  when  kept  in  con- 
with  air.  Fig.  369  shows  a  form  which  can  be  used  with  both 
ds  and  solids.  Connection  to  the  measuring  burette  is  made 
Tlie  filling  of  these  double  pipettes  requires  concise  directions, 
the  reader  is  referred  to  Hempel-Dennis'  "Gas  Analysis"  for 


Fio.  369, — Hmni.  AasoBpnon  Pipette,  Double  Form. 

s  well  as  for  the  general  manipulation  of  the  apparatus. 
«ady  the  ti^>e3  k  and  «  and  the  bulb  a.  Fig.  369,  are  lilled 
e  reagait,  the  spaces  b  to  f  with  a  gas  free  from  oxygen, 
with  water,  and  d  with  air. 

Antomatic  Tlue  Gas  Analysis  Apparatus:  Cd  Recorders.  — 
of  late  years  become  rec(^;nized  that  the  efficiencj'  of  a 
is  largely  a  function  of  the  percentage  of  CO2  carried  by 
gases.  This  has  led  to  the  invention  of  a  number  of  COi 
IS  and  recorders  designed  to  keep  a  check  upon  the  p>er- 
of  this  gas.  So  far  none  of  the  apparatus  developed  has 
uUy  ftttepipted  more  thap  the  determination  of  CO;. 


COMBUSTION  AND  FUELS 


529 


s  of  an  aspirator  Q  (grated  by  water,  which  draws 

the  apparatus  and  normally  through  pipes  D,  C,  E. 
i  of  water  and  gas  is  discharged  into  the  vessel  L, 
;e  part  of  the  water  is  wasted  through  the  overflow  R. 
>W5  through  the  tube  H  (the  rate  being  adjusted  by 
.e  cock  5)  into  the  vessel  K.  The  construction  of  K 
action  above.  The  water  fills  the  upper  compartment 
ig  to  force  the  air  in  the  latter  through  a  connecting 
le  lower  compartment.  This  compartment  is  partly 
mixture  of  1  part  of  glycerine  to  2  parts  of  water.    The 

generated  forces  the  fluid  out  of  the  lower  compart- 
ig  it  to  rise  into  the  tubes  C  and  D.  As  soon  as  the 
igs  in  C  and  D  are  closed  off,  gas  can  no  longer  pass 
«  E,  and  for  the  time  being  the  aspirator  draws  the 
I  seal  F.  A  part  of  the  gas 
£>ed  in  the  apparatus  is  forced 
the  central  tube  just  above  C,  , 
ilight  resistance  of  the  elastic 
the  riang  liquid,  but  at  the 
atter  reaches  the  mouth  of  the 
the  gas  is  completely  confined, 
is  such  that  just  100  c.c.  of 
retained  each  time.  The  fur-  " 
he  liquid  in  C  next  forces  the 
Z  over  into  the  reagent  bulb 
th  KOH  solution,  where  the 
-bed.  The  caustic  solution  is 
into  B.    The  upper  end  of  B 

a  bell  N,  which  floats  in  a 
al.  Central  in  B  there  is  lo- 
y  fine  tube  which  maintains 
ion  with  the  atmosphere  as 
caustic  solution  has  not  risen 

to  seal  its  lower  end.     At 
this  happens,  the  air  trapped 
art  to  raise  the  bell  N.    The  latter  operates  the  pencil 
,  drawing  a  vertical  line  on  paper,  which  is  moved  by 


.fc  ^ 


-Zuh  iiii 


■-—■J-  --         ,. 

- 1  II  .  , 


.'-<'.       ''.'Ci:'r;rjr:rrt^     ^r.il      -.t^-U'SCT     "T    J  .U 


1  -^      ■  ■ 


".ITT' 


■--e  .ziiej  li  .::- 


F* 


r    "iji  'lie  teiiip4:r:i:*.:r:? 
.'-.-  ,:..■:•>=  :  iiow.  T7*ir  -•1:5- 

'    v"::rr:nai  :-:inrrvi=i'.::. 

.  -jt:-v    I  .Liijuniir."    r    iricr 
"■  L       •-   -i-jp:  practiciuiy  r-jc- 


I- 


>•/■ ', y  ■  ■/■■  •'    ^-^y  '.r     - 


i  »  .' 


"lie  iniLi\"sis  where  tie 
-   n".j.iie  tjver  water,  ''ii 
«-  ■ .  1 : ::  r.i r.ct  i  with  water  vapor. 
'    >,'.-'';i  ';.'^v  'hr*  ::rr  ;r  "hus  made  is  negligible  in 


.- . -I- .  1-  ■ 


■  ■  I.  ■  / 


COMBUSTION  AND  FUELS  531 

The  real  errors  in  the  analv-sis  are  the  following: 
(i)  Errors  in  getting  a  truly  average  sa^^)le. 

(2)  Failure  to  saturate  the  liquid  in  the  <^nip1ing  bottks  and 
apparatus  to  equilibrium  with  the  gas  sample. 

(3)  Using  reagents  too  long,  so  that  they  become  weak  and  do  not 
give  complete  absorption  in  reasonable  time. 

(4)  Bad  design  of  a{^>aratus,  not  giN'ing  sufficient  contact  between 
reagent  and  gas. 

(5)  Attempts  to  force  the  rapidity  of  anal}^. 

Of  the  above  items,  (i)  and  (4)  can  be  reduced  to  a  minimum  by 
sufficient  care,  although  with  regard  to  (4)  the  claim  is  made  that 
complete  CO  absorption  will  not  take  place  when  the  gases  are 
simply  in  contact  with  the  reagent  and  that  shaking  is  necessar>\ 
Under  (5)  it  should  be  noted  that  the  gas  should  be  driven  over  to 
the  reagent  tubes  at  least  twice  for  everj-  absorption,  i>artly  at  least 
to  accoimt  for  the  gas  released  from  solution  in  the  water  of  the 
measuring  tube  and  partly  to  make  sure  that  the  absorption  of  the 
particular  gas  is  complete. 

Errors  in  the  application  of  the  flue  gas  analysis  to  engineering 
calculations  also  arise  from  the  making  of  incomplete  analyses.  As 
already  stated,  there  is  a  prevalent  belief  that  it  is  sufficient  to  de- 
termine simply  CO2  and  O2.  It  is  perhaps  true  that  this  is  sufficient 
in  the  majority  of  cases.  It  is  nevertheless  advocated  that  the  CO 
determination  be  also  made  in  ever>'  case.  The  Ho  determination 
is  of  less  importance.  With  respect  to  the  CO  determination,  care 
should  be  taken  to  see  that  the  O2  absorption  is  complete,  for  the 
CO  reagent  will  take  up  O2,  which  will  be  charged  up  as  CO  if  the  O2 
was  not  previously  completely  removed. 

284.  Losses  in  Commercial  Combustion.  The  Computation  of 
the  Plue  Loss.  —  The  losses  in  combustion  taking  place  in  the  ordi- 
nary furnace  may  be  tabulated  as  follows: 

(i)  Incomplete  combustion 

(a)  due  to  unconsumed  fuel  rejected  with  the  ashes  in  the  refuse, 

(b)  due  to  unconsumed  C,  CO,  H2,  and  CnH2n  in  the  flue  gases. 

Unconsumed  C  forms  smoke. 
(2)  Losses  in  sensible  heat  of  the  flue  gases,  apart  from  the  loss  in 
moisture. 
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The  weight  c  of  carbon  burned  may  then  be  accounted  for  by 
the  relation 

^44  C0>      28  C0\ 
3.66  2.33  /' 

where  44  COj  and  28  CO  represent  the  relative  weights  of  these 
particular  gases  in  the  flue  gas  and  n  is  a  factor  to  be  determined. 
Having  foimd  n,  the  real  weights  of  the  various  gases  per  pound 
of  fuel  fired  may  then  be  found  from  the  relations: 

Weight  of  free  oxygen  =  n  •  32  O2  pounds. 

Weight  of  carbon  dioxide  =  n  •  44  CO2  pounds. 
Weight  of  carbon  monoxide  =  n  •  28  CO  pounds. 
Weight  of  nitrogen  =  n  •  28  Nj  pounds. 

The  weight  of  available  hydrogen  not  burned  is  similarly  equal 
to  n  •  2  H2.  Subtract  this  from  the  total  hydrogen  shown  as  avail- 
able by  the  chemical  analysis  of  the  fuel  and  let  A  be  the  weight 
of  hydrogen  actually  burned  per  pound  of  fuel.  Then  combustion 
will  produce  a  weight  of  water  vapor  equal  to  9  A  pounds. 

The  other  two  sources  of  water  vapor  may  next  be  accounted 
for.  The  weight  resulting  per  pound  of  fuel  from  the  moisture  in 
the  fuel  is  given  by  the  chemical  or  the  proximate  analysis.  The 
third  source  is  from  humidity  in  air.  This  can  be  determined  as 
follows:  The  weight  of  nitrogen  above  computed  is  practically 
that  supplied  by  the  total  air  used.     Hence,  since  nitrogen  is  77  per 

cent  by  weight  of  air,  the  total  air  supplied  is ^  pounds  per 

•77 

poimd  of  fuel.  The  water  vapor  carried  in  by  the  air  per  pound  of 
fuel  can  next  be  found  from  hygrometer  readings  and  humidity 
tables.    See  Chap.  XXHI, 

This  determines  the  weight  of  all  the  individual  gases  making 
up  the  composite  flue  gas  resulting  from  the  combustion  of  one 
poimd  of  the  fuel  under  given  conditions.  We  are  next  ready  to 
compute  the  heat  losses  under  (ij),  (2),  and  (3). 

(16)  Incomplete  combustion  of  carbon  (C2)  (smoke)  may  be 
neglected,  as  stated. 

Incomplete  combustion  of  carbon  monoxide  (CO).  Each  pound 
of  CO  that  might  have  been  burned  to  CO2  represents  a  loss  of 
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4380  B.t.u.  Hence  the  loss  per  pound  of  coal  is  4380  (n*  28COJ 
B.t.u. 

Incomplete  combustion  of  hydrogen  (H2).  Each  pound  of  Hi 
in  the  flue  gas  represents  a  net  loss  of  (52,150—4.09  tf  +  gir)*BX^ 
where  //  equals  temperature  of  flue.  Hence  the  loss  per  pound  d 
coal  is  (52,150  —  4.09  //  +  9  /r)  (n  •  2  H2)  B.tu. 

(2)  Losses  in  sensible  heat.  For  oxygen,  nitrogen,  carbon  dioikk, 
carbon  monoxide,  and  hydrogen,  the  loss  in  sensible  heat  isineyci] 
case 

(Wt.  of  gas  per  lb.  of  coal)  X  (mean  sp.  heat)  X  (//  -  <,)j 

where  t/  =  flue  temp.,  and  /,.  =  room  temp.  For  specific  heats  w 
Art.  253,  p.  468,  or  Chap.  XXI. 

(3)  The  losses  of  heat  due  to  moisture  in  the  flue  gases  defoi 
upon  the  source  of  the  moisture.  Each  pound  of  moisture  fomd 
by  the  combustion  of  hydrogen  and  each  pound  brought  iafl 
"  moisture  "  in  coal  carries  with  it 

(1090.7  +  .455  tf  -  Q  B.t.u.t 

The  moisture  which  enters  the  furnace  as  "humidity  "  in  air  cwia 
with  it  only  the  heat  required  to  superheat  it  to  the  tempeiatiiie^ 
amounting  to  approximately  .46  (//  —  /,.)  per  poimd  of  moistme. 

Losses  under  (4)  and  (5).  These  losses  are  rarely  susceptible  d 
direct  determination  and  are  usually  determined  together  by  dl 
f  erence  between  the  other  uses  and  losses  of  heat  that  can  be  ajj 
counted  for  and  the  total  heat  per  poimd  of  the  fuel. 

Example.  —  The  coal  analyses  as  follows: 

C,  76  per  cent;  H,  5  per  cent;  O  +  N  +  S,  9  per  cent;  ash,  6  per  oent;i 
4  per  cent. 

Heating  value,  i4,cxx>  B.t.u.  per  pound. 

Ash  determined  on  test,  8  per  cent  of  coal  fired. 

*  This  expression  is  derived  as  follows: 

The  loss  per  pound  of  H2  not  burned  would  be  61,950  B.t.u.  J 

If  this  hydrogen  had  burned  to  water  vapor,  the  ioss  would  have  been  9  (H(t|l 
455  '/  —  'r)  B.t.u.  per  pound  of  hydrogen,  which  represents  the  heat  canied fiHf!! 
water  vapor. 

The  net  loss  per  pound  of  H2  therefore  is: 

61,950  -  9  (1090.7  -f-  455  '/  -  W  =  (52,150  -  4-09  '/  +9  W  B.tll. 
t  See  Art.  252. 
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Temperature  of  flue,  525**;  room,  72®. 
Humidity  of  air,  60  per  cent. 

Flue  gtt  analysis,  Oj,  10  per  cent;  COi,  8  per  cent;  CO,  .5  per  cent;  Nj  G>y 
dierence),  81.5  per  cent;  Hi  not  determined. 
(i)  Relative  weights: 

ForO,-32Xio;  €0,-44X8;  CO-28X.5;  N,=  28x8i.s. 

(2)  Carbon  burned: 

Carbon  lost  in  refuse  -  .08  —  .06  «  .02  pound  per  pound  of  coal. 
Carbon  burned  »  .76—  .02  »  .74  pound  i>er  pound  of  coal. 

(3)  Value  of  If:  /44X8  ,  28 


V  3.66       2.33  / 


If-  •0072. 

(4)  Weight  of  the  various  products  of  combustion  except  moisture  per 
poaodof  coal: 

Oxygen-  .0072 X 32 X  10—  2.31  pounds. 
Carbon  dioxide  -  .0072  X  44  X  8  -  2.54  pounds. 
Carbon  monoxide  —  .0072  X  28  X  .5  —  .10  pound. 

Nitrogen  —  .0072  X  28  X  81.5  -  16.40  pounds. 
Unbumed  hydrogen  —  assumed  zero. 

(5)  Weights  of  water  vapor  per  pound  of  coal: 

(a)  From  the  combustion  of  hydrogen  in  the  coal  -  9  X  .05  -  .45  lb. 
(6)  From  moisture  in  the  coal  —  .04  lb. 
(c)  Brought  in  by  air: 

Air  sui^lied  —  — ^  —  21.3  lbs. 

•77 

At  temperature  of  72  degrees  and  hmnidity  of  60  per  cent,  weight  of 
water  vapor  carried  —  .01  pound  per  pound  of  air.  Hence  water 
vapor  as  humidity  —  .21  pound. 

(6)  Heat  losses: 

(a)  From  carbon  in  refuse  -  14,540  (.08  —  .06)  =  292  B.t.u. 

%  Due  to  incomplete  combustion  of  CO  —  4380  X  .10  «  438  B.t.u. 

(c)  Due  to  sensible  heat  in: 

Ot  -    2.31  X  .220  X  (525  -  72)  =    231  B.t.u. 

COi-    2.54  X  .222  X  (525- 72)=    256  B.t.u. 

CO-      .10  X  .249  X  (525- 72)=      II  B.t.u. 

Nt  -  16.40  X  .249  X  (525  -  72)  =  1849  B.t.u. 

2347  B.t.u. 
((f)  Due  to  water  vapor: 
From  combustion  of  hydrogen  and  moisture  in  fuel 

-  (.45  +  .04)  (1090.7  +  .455  X  525  -  72)  =  616  B.t.u. 
In  humidity  -  .21  X  .46  (525  —  72)  =  44  B.t.u. 

(7)  Percentage  of  losses: 

Heating  value  of  coal  -  14,000  B.t.u.  per  pound. 
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In  refuse  292  2.08 

Incomplete  combustion 438  3. 13 

Sensible  heat  of  gases 2347  16.78 

Heat  in  water  vapor 660  4. 72 

Total  loss  in  flue  gas  alone  «  3.13  + 16.78+  4.72  «  24.63  perooft^ 
the  heat  in  the  coal. 

285.  Errors  intiie  Flue  Gas  Calctilatiofis  as  Above  Carried  Ori.-^ 

(i)  Unbumed  hydrogen  in  the  gases  was  neglected.  TUs  dM 
usually  be  done  without  sensible  erroFy  as  the  occurrence  of  Hi  fa 
the  flue  gases  in  any  considerable  quantity  is  not  likely.  j 

(2)  Loss  of  carbon  in  smoke  was  neglected.  Thisjalso  is  a  sd 
ligible  error.  4| 

(3)  Sulphiu-  in  the  coal  was  ne^ected.  A  dose  enough  conedU 
for  this  is  to  use  (<;  +  ^)  in  place  of  c  in  the  formulas  above.  SQi«[ 
be  indicated  as  CO2  in  the  analysis.  J 

(4)  Nitrogen  in  the  coal  was  ne^ected.  No  appreciable  fflnrdi 
arise  from  this,  as  the  amoimt  of  nitrogen  supplied  in  the  ur  kiij 
much  greater  in  amount.  ij 

(5)  Oxygen  in  the  coal  was  neglected.  It  may  exist  as  €fgjH 
of  nitrates,  carbonates,  or  carbohydrates.  The  oxygen  of  nitnlij 
and  carbonates  is  all  that  will  be  found  in  anthracites  and  most! 
minous  coals.  It  is  not  available  for  combustion.  NsOk  £raoi^ 
nitrates  will  occur  in  the  flue  gases,  but  it  will  be  absorbed  it  I 
water  of  the  sampling  bottles  and  will  not  show  in  the 
CO2  from  carbonates  will  be  shown  in  the  gas  analy^.  The  1 
of  CO2  from  this  source  is  almost  always  negligibly  small  as 
pared  with  the  amount  from  combustion  of  carbon.  With 
the  oxygen  from  carbohydrates  may  be  said,  in  a  way,  to  be 
able  for  combustion;  but  it  will  be  small  in  amount  as 
with  the  oxygen  supplied  in  air. 

286.  The  Excess  or  Dilution  Coefficient  —  This  coeffi( 
usually  defined  as  the  ratio  of  the  weight  or  volume  of  air  whidh^ 
actually  supplied  to  a  furnace  for  the  combustion  of  one  pcm^ 
the  fuel  as  fired  to  the  weight  or  volume  of  air  which  is  in 
required  to  bum  one  pound  of  the  fuel  completely.    The  raf'^ 
often  used  in  flue  gas  computations  and  several  formulas  are  Q 
given  for  it.    They  are  sometimes  seriously  in  error  in  thst 
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neglect  the  oxygen  bound  by  the  combustion  of  hydrogen  in  the 
fuel  which  is  not  accounted  for  in  the  flue  gas  analysis,  as  was  above 
pointed  out. 

The  simplest  method  of  deriving  the  formula  for  this  coefficient 
is  as  follows: 

In  the  flue  gas  analysis,  O2  (free  oxygen)  is  evidently  the  oxygen 
brought  into  the  furnace  by  the  excess  air.  The  nitrogen  which 
was  a  part  of  this  excess  air  is,  then,  H  O2 

Now  the  N2  shown  by  the  analysis  is  practically  all  due  to  the 
total  air  entering  the  furnace,  hence  N2  —  H  O2  represents  the 
nitrogen  which  was  a  part  of  the  air  that  was  used  for  combustion. 
From  the  definition  of  excess  coefficient  we  will  then  have 

since  in  each  case  the  amount  of  nitrogen  can  serve  as  a  measure  of 
the  amount  of  air  of  which  it  was  a  part. 

Form  (I)  is  in  very  common  use,  but  must  be  modified  as  follows 
as  soon  as  the  gas  contains  CO. 

X  = ?2 ^.  (II) 


N, -79(0 -CO) 

21  \  2    / 


Still  another  form  given  by  some  writers  is  derived  as  follows: 
Let  L'   =  volume  of  air  supplied  to  furnace  per  pound  of  fuel. 
Let  L"  =  volimie  of  air  theoretically  needed  for  complete  com- 
bustion of  one  pound  of  the  fuel. 

V'     02''  + N2''      02''+H02''      O2''' 

Now  if,  as  before,  O2  represents  the  free  oxygen  found  by  the 
analysis,  then 

O2  =  O2'  -  O2'',  or  O2"  =  O2'  -  O2. 
Hence  ,^  O2' 


X  = 


O2'  -  O2 

since  the  oxygen  in  the  original  air  must  have  been  21  per  cent  by 
volume. 
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is  too  daboiate  for  ordinaiy  testing.  The  actual  w«^t  of  im- 
bumed  C  in  the  flue  gases  is  found  by  drawing  through  a  fine  filter, 
which  retains  all  of  the  finely  divided  carbon,  a  volume  of  gas  which 
must  be  measured.  The  amount  of  carbon  collected  is  then  usually 
found  by  some  combustion  process  in  the  chemical  laboratory. 

There  are  a  number  of  methods  of  deter- 
mining smoke  relatively.  The  one  probably 
most  used  in  this  country  is  that  devised  by 
Kjngelmann.  This  method  uses  the  fact  that 
if  a  network  of  black  lines  of  varying  thick- 
ness but  equal  distances  apart  is  drawn  on 
a  white  ground,  the  chart  will  assume  to  the 
eye  an  even  gray  tone  when  placed  at  a  dis- 
tance of  45-60  feet  from  the  observer.  The 
depth  of  the  color  depends  upon  the  thick- 
ness of  the  lines,  and  this  scheme  not  only 
gives  a.  method  of  obtaining  a  series  of  gray 
colors  but  also  allows  of  their  exact  duplica- 
tion in  different  localities,  thus  establishing 
in  a  sense  a  standard. 

To  construct  the  Ringelmann  chart,  take 
a  strip  of  white  cardboard  and  lay  out  on 
it  six  squares  in  a  row.  each  100  X  100  milli- 
meters. Divide  each  square,  except  the  one 
at  the  left,  into  smaller  squares.  The  thick- 
ness of  the  cross  lines  in  squares  I  to  IV 
inclusive  should  be  according  to  the  sched- 
ule following,  square  V  being  solid  black: 
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•^Quality  of  St^mu/'      M^  ww  v. 
given  pres^ire  anaj  show  znj  one  ot  ihtw  aMwhiu^n.  ot  ^|\».0i\ 
may  fac-B^raaiiiraaed.  dry  saturated,  or  su|vilu\Ui^ I       1 1^  i-^.m 
of  heat  ccntaiced  in  eacii  pound  of  steam  will  n ai  \  \\\\\\  s  h  >«  v  >  < .« 
in  quality  a:  ±e  even  pressure.    The  heat  o\  ihr  \u\\\u\   ,  ,  .  ^    \ 
179*.  is  comncn  td  the  steam  under  all  thivr  \oi\Juw>n        \,  « 
the  Uqdd  s  oocipleticly  converted  into  va|H»i  m  \\\\  ^•.^\^^^  .  »■ 
it  win  render  larent  the  quantity  of  heat  t  {-w    \\\    \  «*^     >-x 
resulting  steam  s  said  to  ha>'e  a  qualit>  i^iiuil  lo  i  .        t  > 
is  then  said  to  be  in  the  dry  saiurateJ  ivfuliit^^n      \    niMM«      .   ,v 
that  not  all  of  the  liquid  be  convortnl  iiUo  \.i|>ot    <«.«    -  . 

end  of  the  process  cmly  xper  cent  of  the  \h\\\u\  \\  \    '• ■ 

then  the  total  heat  in  imit  weight  o(  mu  \\  ■\\  .nn  w  \\\  1  , 

=  (at  •  i;)  11. 1  u  . 

and  the  steam  is  said  to  be  in  tlu*  ..</  N.r   . 

called  simply  ice/ i/^jiw.     The  peii  riii.ni    v   «    >' 

qualit}'  of  steam,  and  it  expresses  pi.u  lu  JIn    '■• 
the  latent  heat  that  the  sample  oi  r.i(  .un  ,1.  m  Ji*   . 
latent  heat  that  it  should  eontain  ii   u   \v>i>    <i<< 
fraction  of  water  remaining  (1       .\^  1    .i    mn,  1  .. 
distributed  in  the  dry  steam  ami  lai  I  ii"«  I  .» Inn  I'  ^^^^\^^'       » 

superheated  condition,  the  heat  sup j»l\  inili.    1.  u...   ..   ,  

after  all  the  liquid  is  vaporizeil  isrr  An    1 ,  •'       I  1 

crease  in  the  temperature  of  tile  si  ram,  MM.  I  h  iIu  i. ,.»..». .. 

constant  pressure  (usual  case)  and  ilu   h  m|.i  i.ii(.««  .  \ 

the  end  of  the  process  is  T'j®,  while  the '.ill iin I  uni  u  »M|»  »ss^ v^ 

pressure  is  Tj®,  so  that  T,  —  7',   -   l\  ih»  U'Uil  tu-«M  i^v    ...,,^s  w^^k 

then  be  =  (r  -f  (/   I  r,./>)  Ml  u  , 

in  which  Cp  is  the  mean  specific  heal  In  llu^  \t\\\^\   1 1  l\«  fi. 
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All  methods  for  determining  the  quality  of  steam  are  included 
tinder  the  head  of  calorimetry,  and  instruments  for  determinmg  the 
quality  are  termed  calorimeters, 

291.  Classification  of  Calorimeters.  —  The  following  classification 
of  different  forms  of  calorimeters  is  convenient  and  comprehensive: 


Condensing. 


Calorimeters. 


Jet 


{ 


Barrel  or  Tank. 
Continuous.   ^ 


Surface fHoadley  Calorimeter. 

iBamis  —  Continuous. 


External  —  Barrus  Superheating. 
Internal  —  Peabody  Tnrottling. 


Superheating. . . 

[Electric  Superheating  —  Thomas. 

Directly  determining  moisture 

Universal  or  Combination EUyson. 


r  Separator. 
(Chemical. 


In  what  follows,  the  construction  and  method  of  use  of  a  repre- 
sentative type  of  each  kind  of  calorimeter  will  be  briefly  discussed, 
and  errors  will  be  pointed  out  wherever  their  possible  occurrence  is 
likely  to  affect  the  results  seriously. 

292,  Use  of  Steam-tables.  —  In  reducing  calorimetric  experiments 
steam-tables  will  be  required.  The  explanation  of  the  terms  used 
will  be  found  in  Article  180,  page  335,  and  tables  will  be  found  in 
the  Appendix  of  this  book. 

Students  will  please  notice  that  the  pressures  referred  to  in  the 
steam-tables  are  absoltUe  not  gauge  pressures,  and  that  gauge 
pressures  must  be  reduced  to  absolute  pressures  by  adding  the 
barometer  reading  reduced  to  pounds  per  square  inch,  before  using 
the  tables. 

The  following  symbols  will  be  employed  to  represent  the  different 
prop)erties  of  steam : 

TABLE    OF    SYMBOLS. 


Properties  of  Steam. 


Pressure,  pounds  per  sq.  in. 
Pressure,  pounds  per  sq.  ft. 
Temperature,  degrees  Fahr. 

Temperature,  absolute 

Heat  of  the  liquid 

Internal  latent  heat 

External  latent  heat 

Total  latent  heat 


Symbol. 


P 
P 

t 

T 

q  or  S 

p  or  I 

APuotE 

r  or  L 


Properties  of  Steam. 


Symliol. 


Total  heat,  B.t.u x  or  i7 

Weight  of  cu.ft.of  steam,  Ibs.i  d 

|Vol.  of  I  lb.  steam,  cu.ft..  .!  v 

j  Vol.  of  I  lb.  water,  cu.  ft. ... '  a 

iChange  in  volume  v  —  a.  .  .  u 

[Quality  of  steam x 

'Per  cent  of  moisture i  —  x 

i  Degree  of  superheat '  D 
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2g3.  Method  of  Obtaining  a  Sample  of  Steam.  —  It  has  alni^ 
been  pointed  out  that  the  obtaining  of  a  representative  sanfbcl 
steam  is  of  the  utmost  importance  in  steam  cabrimetiy.  U I 
usually  necessary  to  so  arrange  the  apparatus  that  only  a  sad 
percentage  of  the  total  steam  passing  can  be  examined  in  a  ob" 
rimeter.  Unfortunately  there  are  certain  practical  conditioniiittik 
make  the  taking  of  an  average  sample  anything  but  ceitain. 

From  experiments  made  by  the  author,  it  is  quite  certam  id 
the  quality  varies  gready  in  different  portions  of  the  same  J^ni 
that  it  differs  more  in  horizontal  than  in  vertical  pipes.  SlBU^ 
drawn  from  the  surface  of  the  pipe  is  likely  to  contain  more  tba&K 


3 


average  amoimt  of  moisture;  that  from  the  center  of  the  jNjati 
contain  less.  Perhaps  the  best  method  for  obtaining  a  saflfkn 
steam  is  to  cut  a  long-threaded  nipple  into  which  a  series  of  kM 


)fPlpe 


Fig.  373. 


Fig.  374. 


is  drilled,  and  screw  this  well  into  the  pipe.  Half-inch  pipe  hj 
ally  used  for  calorimeter  connections,  and  it  may  be  screwed  iolD^ 
main  pipe  one-half  or  three-quarters  of  the  distance  to  the 
with  the  end  left  open  and  without  side  perforations,  as 
in  Fig.  373,  or  screwed  three-quarters  of  the  distance  acxM 
pipe,  a  series  of  holes  drilled  through  the  sides,  and  the  end  Icft< 
or  stopped,  as  shown  in  Fig.  374.  A  lock  nut  on  the  nippley' 
can  be  screwed  against  the  pipe  when  the  nipple  is  in  pbcfti' 
serve  to  make  a  tight  joint.  The  best  form  of  nipple  is  not 
determined,  although  many  experiments  have  been  made  faf 
purpose;  a  form  extending  nearly  across  the  pipe  and  provided* 
a  slit  or  with  numerous  holes  is  probably  preferable.  Vli/etj 
current  of  steam  is  ascending  in  a  vertical  pipe,  the  water 
be  more  uniformly  mixed  than  when  descending  in  a  verticf 
or  when  moving  in  a  horizontal  one.    There  is,  however,  col 
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able  variation  for  this  condition,  especially  if  the  steam  contains 
more  than  3  per  cent  of  water. 

2g4«  Method  of  Inserting  Thermometers.  —  In  the  use  of  calorim- 
eters it   is  frequently  necessary  to  insert   thermometers  into    the 

steam  in  order  to  correcdy  measure  the  temperature, 

a  matter  scarcely  less  important  than  the  proper  taking 

of  the  sample.    For  this  purpose  thermometers  can  be 

had  mounted  in  a  brass  case,  as  shown  in  Fig.  375, 

which  will  screw  into  a  threaded  opening  in  the  main 

pipe. 
The  author  prefers  to  use  instead  a  thermometer  cup 

of  the  form  shown  in  Fig.  376,  which  is  screwed  into  a 

tapped  opening  in  the  pipe.     Cylinder  oil  or  mercury  is 

then  poured  into  the  cup,  and  a  ther- 
mometer inserted  with  graduations  cut 

on  the  glass.    The  thermometer  cups 

are  usually  made  of   a   solid   brass 

casting,  the  outside  being  turned  down 

to  the  proper  dimensions  and  threaded 

to  fit  a  J-inch  pipe  fitting.     The  inside 

hole  is  drilled  i  inch  in  diameter,  and 

the  walls  are  left  tV  inch  thick.     It 

should  be  noted  that  mercury  cannot 

be  used  with  a  brass  cup  on  account 

of  amalgamation.    In  such  cases  iron 

or  steel  will  have  to  be  used.     The 

total  length  of   the  cups   may  vary 
from  2   to  6  inches,  depending   on    the    place 
where  they  are  to  be  used.     In  any  case  it  is 
essential  that  the  thermometer  be  inserted  deep 
into  the  current  of  steam  or  water,  and  that  no  Fig.  376.— Thkrmom- 
air  pocket  forms  around  the  bulb  of  the  ther-    eterCuporWell. 
mometer.     The  thermo metier  should  be  nearly  vertical,  and  as 
much  of  the  stem  as  pps$ible  should  be  protected  from  radiating 
inflvienf:e.   , 

'■  If'the'tliei^inometer  is  to  be  inserted    into  steam  of  very  little 
]fcite^ure,'tlie'stem  of  the  thermometer  can  be  crowded  into  a  hole 


\ 


t 


Fig.  375. 


— rrr 
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cut  in  a  rubber  cork  which  fits  the  openmg  in  the  pipe.  Inctf 
the  thermometer  cannot  be  inserted  in  the  pipe  it  is  sometia 
bound  on  the  outside,  bemg  well  protected  from  radiation  by  bi 
felting;  but  this  practice  cannot  be  recommended,  as  the  readii 
is  often  much  less  than  is  shown  by  a  thermometer  inserted  in  ll 
current  of  flowing  steam. 

295.  Condensing  Calorimeters*  —  Condensing  calorimeteis  sit 
two  general  classes:  i.  The  jet  of  steam  is  received  by  tbe  co 
densing  water,  and  the  condensed  steam  intermingles  directly  wi 
the  condensing  water.  2.  The  jet  of  steam  is  condensed  m  a  0 
or  pipe  arranged  as  in  a  surface  condenser,  and  the  cozidaii 
steam  is  maintained  separate  from  the  condensing  water. 

The  principle  of  action  of  both  of  these  calorimeters  is  essentia 
the  same;  the  first  class  is,  however,  probably  more  often  used  di 
the  second.    The  equations  involved  are  as  follows: 

Let  W  =  weight  of  condensing  water. 
w  =  weight  of  condensed  steam, 
/j  =  temperature  of  condensing  water,  cold. 
/,  =  temperature  of  condensing  water,  warm, 
/j  =  temperature  of  condensed  steam. 
K  =  water  equivalent  of  calorimeter  (see  next  article). 

Now  the  heat  gained  by  the  calorimeter  upon  condensing  c 
pound  of  steam  will  be  equal  to 

(/,—  /i)  B.t.u. 

w 

The  heat  in  one  pound  of  the  sample  steam  above  32^  F.,  as  tsl 
from  the  steam-table,  for  the  pressure  of  the  original  sample,  l« 
be  expressed  by  xr  -f  j.  The  condensed  steam  is,  however,  notcxn 
to  32°  F.,  but  to  some  temperature  i%  usually  higher  than  3 
Then  the  net  amount  of  heat  per  pound  of  steam  condensed  wiD 

.vr-h  ?  —  (/g"  32)  B.t.u. 

The  loss  of  heat  by  radiation  must  either  be  determined  and  aifi 
to  equation  (i)  or  it  must  be  compensated  for  by  so  conducting 
trial  that  /j  is  as  much  below  the  temperature  of  the  room  at 
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Start  as  /,  is  above  that  temperature  at  the  end  of  the  test    Assuming 
that  this  method  is  used,  we  then  have 

^  "^  ^(/,  -  O  =  [^  +  3  -  (^  -  32)],  (3) 


w 

from  which 

W  -^  K 


(/,  -  O  -  3  +  U-  32 


X  = (4) 

r 

In  the  case  of  calorimeters  of  the  first  class,  /,  ==  /,  and  equation  (4) 
becomes 

X ± (5) 

r 

If  X  turns  out  to  be  greater  than  1.0,  compute  the  degree  of  super- 
heat D  from  the  equation 

D  =  lll^.  (6) 

296.   Determination  of  tiie  Water  Equivalent  of  the  Calorimeter.  — 

The  calorimeters  exert  some  effect  on  the  heating  of  the  liquid 
contained  in  them,  since  the  substance  of  the  calorimeter  must 
also  be  heated.  This  effect  is  best  expressed  by  considering  the 
calorimeter  as  equivalent  to  a  certain  number  of  ix)unds  of  water 
producing  the  same  result.  This  number  is  termed  the  waUr 
equivalent  of  the  calorimeter.  The  water  equivalent,  iC,  can  be 
foimd  in  three  wavs*: 

1.  By  computation  from  the  known  weight  and  s[>ecific  heat  of 
the  materials  composing  the  calorimeter.  Thus,  let  C  be  the  specilic 
heat,  Wc  the  weight;   then 

K  =  CWc 

2.  By  drawing  into  the  calorimeter,  when  it  is  cooled  down  to 
a  low  temperature,  a  weighed  quantity  of  water  of  higher  tem- 
perature and  obser\'ing  the  resulting  temperature.  Thus,  let  W 
equal  the  weight  of  water,  /^  the  first  and  /j  the  final  temperatures, 

*  See  alio  the  discussion  on  the  same  subject  in  Chapter  XIII,  p.  478. 
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W-{-w,  379.1  pounds;  wet  steam,  w,   19.Z  pounds.    CaloruBBler  eqnfariiM 
eliminated  by  heating.    The  quality 


•^^  (109.6  -  52.8)  -294  +  109.6  -  3a 

I2J 

891.2 


892.3 


95.9  per  oeot 


298.  Directions  for  Use  of  the  Barrel  Calorimeter. — A  pparOmf^] 
Thermometer  reading  to  i  degree  F.,  range  32®  to  212®; 
reading  to  li^  of  a  poimd;  barrel  provided  with  means  of  filling' 
water  and  emptying;  proper  steam  connections;  steam  gauge 
thermometer  in  main  steam  pipe. 

1.  Calibrate  all  apparatus. 

2.  Fill  barrel  with  360  pounds  of  water,  and  heat  to  130 
by  steam;  waste  this  and  make  no  determinations  for  moi 
This  is  to  warm  up  the  barrel. 

3.  Empty  the  barrel,  take  its  weight,  add  quickly  360  poundi' 
water,  and  take  its  temperature. 

4.  Remove  steam  pipe  from  barrel;  blow  steam  throu^  it 
warm  and  dry  it;  hang  on  bracket  so  as  not  to  be  in  contact 
barrel;  turn  on  steam,  and  leave  it  on  imtil  temperature  of  resdl 
water  rises  to  iio^  F.    Turn  off  steam;  open  air  cock  at  steam 

5.  Take  the  final  weights  with  pipe  in  barrel,  in  same  posit 
as  in  previous  weighings;  also  take  weights  with  the  pipe  remoi 
calculate  from  this  the  displacement  due  to  pipe,  and  correct 
same. 

Alternative  for  fourth  and  fifth  operations,  —  Supply  steam 
a  hose,  which  is  removed  as  soon  as  water  rises  to  a  temj 
of  iio^F.     Weigh  with  the  hose  removed  from  the  barrel. 
the  water  while  taking  temperatures. 

6.  Take  five  determinations,  and  compute  results  as 
Fill  out  and  file  blank  containing  data  and  results. 

7.  Compute  the  value  of  the  water  equivalent,  iT,  in  poimds 
comparing  the  different  sets  of  observations. 

299.  The  Continuous  Jet  Condensing  Calorimeter.  —  A 
eter  may  be  made  by  condensing  the  jet  of  steam  in  a  streaai  \ 
water  passing  through  a  small  injector  or  an  equivalent  instrun 
The  method  is  well  shown  in  Fig.  378.    A  tank  of  cold  wate 
placed  upon  the  scales  Ry  is  connected  to  the  small  injector  b] 
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pipe  C;  the  injector  is  sup- 
plied withsteam  by  the  pipe 
S,  the  pressure  of  which  is 
taken  by  the  gauge  P;  the 
temperature  of  the  cold 
water  is  taken  at  e,  that  of 
the  warm  water  at  ;. 
Water  is  discharged  into 
the  weighing  tank  ^.  The 
amount  taken  from  the 
tank  B  is  the  weight  of 
C0I4  water  W;  the  differ- 
ence in  the  respective 
weights  of  the  water  in 

tank  A  and  that  taken  from  B  is  the  weight  of  the  Kivam  w. 
quality  is  computed  exactly  as  for  the  barrel  calorimeter. 


Ro.  379.  —  Mkmc  Device  for  Contiensino  Calobimeteb. 

In  case  a  regular  injector  is  used,  as  shown  in  Fig.  378,  the  tank 

B  is  not  needed :  water  can  be  raised  by  suction  from  the  tank  A 


.Al  •      ^      ^  ^ 


-/    -T-     ^.T     i: 


:.«. — i^^k. 


-■*  ^ 


"b: 


^    •>     in 


JZ  feft* 


.£»2t:    - 


"i*Si    ^ 


iT    T'T    -*- ,      i-*:r    r'.  Tt_^'' "  ".i. " 


■C.    ■1'= 


fc. 


^3^ 


irf 


r.  - 


fan 

'•m      « 


..J:.r 


:     5 


>:  —  H. ii-LZY  frTA:£  CorancEr 


300.   The  HoaiUey  Calorimeter.  —  Tr.ii  i:i5r 
"..;!-    '.:'  r.or*-corit:ri-jo-*  surface  calorimeter?.     It 


to  the 
described  in 
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"  Tnmsactbns  of  the  Americaii  Society  of  Mechanical  Engineeis," 
VoL  VI,  and  conssts  of  a  condensing  coil  for  the  steam,  situated 
in  the  bottom  of  a  tank  calorimeter,  veiv  carefully  made  to  pre- 
vent radiation  losses  (Fig.  380).  Hie  dimensions  were  17  inches 
diameter  by  32  inches  deep,  with  a  capacit}'  of  about  200  pounds 
of  water.  The  calorimeter  was  made  of  three  concentric  vessels  of 
galvanized  iion,  the  spaces  being  filled  with  hair  felt  and  eider- 
down.  The  condenser  consisted  of  a  drum  through  which  passed 
a  large  number  of  half-inch  copper  tubes,  the  steam  being  on  the 


Fig.  381.  —  HOADLEY   CALORnCETER. 

outside,  the  water  on  the  inside,  of  these  tubes,  the  agitator  con- 
sisting of  a  propeller  wheel  attached  to  an  axis  that  could  be  rotated 
by  turning  the  external  crank  K^  eflFectually  stirring  the  water. 
The  thermometer  for  measuring  the  temperature  was  inserted  in 
the  axis  of  the  agitator  at  T,  In  the  hands  of  Mr.  Hoadley  the 
instrument  gave  accurate  determinations. 

In  practice  the  instrument  was  arranged  as  in  Fig.  381 ;  the  calorim- 
eter E  was  placed  on  the  scales  F  and  supplied  with  cold  water  from 
the  elevated  barrel  A.  The  temperature  of  the  entering  water  was 
taken  at  C.  Steam  was  admitted  to  the  condensing  coil  until  the 
temperature  of  the  condensing  water  reached,  say,  110°  F.     The 
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302.  Superhatting  Calorinuten.  —  These  aie  of  two  fiXBi,  1 
external  and  the  intemaL  The  former  is  typified  by  the  Bu 
superheating  calorimeter,  the  latter  by  the  thiotdisg  0 
of  which  the  Peabody  is  the  original  example. 


Fig.  383.  —  Babkus  Supebheaitng  CAiOKniEns, 


303.   The  Barrus  Superheating  Calorimeter  is  shown  in  F% 
The  pipe  carrying  the  sample  steam  separates  into  two  bril 
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used  in  the  cooling  bucket  has  no  effect  on  the  quality  of  the  steam 
and  is  not  considered  in  the  results;  it  is  allowed  to  waste,  but  the 
condensed  steam  is  caught  and  weighed. 

The  method  of  computing  the  quality  of  the  steam  from  the 
observed  data  should  be  dear  from  previous  articles. 

The  following  form  for  recording  readings  and  results  obtained 
with  this  calorimeter  will  be  found  convenient: 


SIBLEY  COLLEGE— DEPARTMENT  OF  EXPERIMENTAL 

ENGINEERING. 

DETERMINATIOK  OF  MOISTURE  JS  STEAM  BY  CONDENSING  CALORIMETER. 


Made  bt 


Ithaca,  N.  Y., 191 . . 

T}-pe  of  Calorimeter 

Barometer inches  Hg. 

Room  Temp 


Duration  of  run  —  min.. . 
Pressures 

Gauge 

Absolute 

Weight  of  barrel 

Weight  of  water 

Tare 

Total 

Weight  of  Steam 

Tare 

Total 

Temperatures 

Condensing  water  — 
initial 

Condensing  water  — 
final 

Steam  —  initial 

Steam  (condensed)  — 

final 

Weight  of  water  —  lbs 

Weight  of  steam  —  lbs. .  . 
Water  equivalent  of 

Calorimeter. 

Ratio  of  water  to  steam . . 
Latent  heat  of  steam  at 

initial  pressure 

Quality  —  per  cent 

Moisture  —  per  cent 

Total  heat  in  t  lb.  steam 
as  determtned 
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while  r  is  taken  from  the  steam-table  for  the  absolute  pressure 
of  the  sample  steam.  The  factor  Cp  in  the  first  member  of  the 
ci]uation  cannot  be  found  directly  from  Fig.  244;  it  can,  however, 
l>c  determinetl  in  two  steps,  as  follows:  Let  C^^  be  the  mean  specific 
heat  in  the  range  T  to  r^  and  C^^  be  the  mean  specific  heat  in  the 
range  T  to  T^  Both  of  these  can  be  read  direcdy  from  Fig.  244. 
We  may  then  write 

and  the  tmal  form  of  the  equation  for  this  calorimeter  is,  patting 

The  radiation  kv^s*  K»  is  some  function  of  T^.  and  can  be  dctcnnised 
bv  calibratk^n.  The  tollv>winji:  form  shows  the  schune  used  iz 
SiWev  Cv>Uc<e  tor  rewrdinc  the  obsen-ations  made  wttti  die  sc;»er- 

« 

heating  cak^nn^eter: 
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The  equations  for  tts  use  and  limitations  of  the  same  were  given 
by  Professor  Peabody  in  Vol.  IX,  "  Transactions  of  the  American 
Society  of  Mechanical  Engineers." 

The  form  of  calorimeter  at  present  used  in  Sibley  College  was 
patented  by  the  writer  in  1893,  Fig.  384  shows  the  essential  details. 
The  sample  steam  from  the  main  passes  through  a  valve  and  a 
throttlmg  orifice  mto  the  inten'or  of  the  calorimeter.  Here  the  low- 
pressure  or  exhaust   steam   completely  surrounds  a  thermometer 


Fig.  384.  —  Thboitling  Calorimeter. 


cup  before  passing  out  of  the  calorimeter  through  the  bottom 
opening.  In  many  instances  a  gauge  or  thermometer  cup  Is  in- 
serted between  the  valve  and  the  throttling  orifice  in  order  to  deter- 
mine the  pressure  of  the  sample  steam  as  accurately  as  possible. 
The  pressure  of  the  steam  in  the  calorimeter  is  obtained  by  means 
of  a  manometer  or  low-reading  gauge,  connected  as  shown.  Where 
the  exit  from  the  calorimeter  is  comparatively  free,  that  is,  not 
obstructed  by  long  pipes,  bends,  or  valves,  the  so-called  back 
pressure  in  the  calorimeter  should  not  be  more  than  i"  mercury, 
and  a  manometer  is  therefore  the  best  instrument  with  which  to 
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determine  it  The  thiottling  orifice  has  a  diameter  of  about 
The  calorimeter  itself  is  about  3^  in  diameter  by  6^  longe 
purpose  of  cutting  down  radiation  the  body  is  nickd-plated, 
is  nevertheless  advisable  thoroughly  to  cover  the  instromeot 
some  non-conducting  material  after  installation.  The 
leading  to  the  cabrimeter  should  be  as  short  as  possiUe,  and 
also  be  thoroughly  covered.  If  the  instruments  determining  the  j 
sure  of  the  sample  are  inserted  between  the  valve  and  the 
orifice,  it  is  essential  that  the  valve  be  opened  wide  during  a 

Theory  of  the  Insirumenl.  — It  is  assumed  in  the  op 
the  throttling  calorimeter  that  there  is  exactly  as  much  heat  11 
pound  of  steam  ahead  of  the  throttling  orifice  aft  theie  ■ 
same  weight  of  steam  after  throtding;  that  is,  no  beat  ■ 
radiation  and  no  work  is  done  in  the  expansion  process 
orifice.    There  is,  however,  less  total  heat  in  saturated 
the  lower  pressme  than  there  is  at  the  higher,  and  the 
thus  liberated  in  the  expansion  through  the  orifice  wfll  first 
any  moisture  that  the  sample  contains  and  will  next  su] 
dry  steam,  if  any  heat  is  left  after  the  drying  process  is  coi 
Hence,  provided  enough  heat  has  been  liberated,  the  steam 
calorimeter  will  be  superheated.    As  a  matter  of  faurt,  this 
the  case  or  the  instrument  caimot  be  used,  for  if .  the 
shows  the  saturation  temperature  of  the  steam  in  the  caloi 
there  is  no  guarantee  that  even  the  original  moisture  in  the 
has  been  evaporated. 

The  heat  in  one  pound  of  the  high^pressuze  steam  may 
pressed  by  {xr  +  q)  B.t.u.;  that  in  low-pressure  steam  by 
(r,  —  Ti)  B.t.u.,  where  T,  is  the  temperature  indicated 
thermometer  and  T^  is  the  saturation  temperature  of  the 
the  absolute  pressure  existing  in  the  calorimeter.  As  poh 
Tj  must  be  greater  than  T^.  By  the  theory  above  outilkied 
then  write 

xr  +  q  ^  x  +  c,  (r,-  rj, 

from  which 

j;      i  +  CAT.-T,)-9 

r 

Cp  may  be  closely  estimated  from  Fig.  244. 
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'.  —  Pressure  in  tbe  main  steam  pipe  is  130  lbs.  by  gauge,  back 
1  the  calorimeter  4"  mercury,  barometer  pressure  29.9"  mercury, 
re  in  the  calorimeter  jgi"  F. 

have  absolute  pressure  of  sample  steam  =  150  +  14.7  -  164.7  lbs., 
ressure  in  the  calonmeter  —  39.9  +  4  =  339"  Hg.  —  16.6  lbs.     The 

temperature,  7*1,  for  the  latter  pressure,  by  interpolation  from  the 
e,  -  2i8'.  TTie  degree  of  superheat  is,  therefore.  T,  -  7",  -  igj  - 
For  this  range,  Cp  —  47  /mm  Fig.  144.  The  total  heat  X  for  16.6 
i.6B.t.u.  Further,  for  164.7  lbs.,  f  '  857.9 B.t.u.  aodj  -jjSB.t.u. 
'  substitution  in  the  above  formula. 


._  riS3.6  +  .47(jqi- 


8S7^ 


lJi8-f42J.=  „  per  cent 
857.9 


he  result  for  x  is  greater  than  1.0,  it  indicates  that  the 
earn  was  originally  superheated,  and  the  degree  of  super- 
Id  next  be  determined  as  shown  in  Example  3,  page  338, 
lowing  form  is  now  used  at  Sibley  College  for  recording 
ing  calorimeter  observations  taken  and  the  results: 


LOG  OF   TESTS  WITH  THROTTUNG  CALORIMETER. 


[  Temp,  in  Calorimeter 

...Ban 

melcr in 

hesHg. 

1| 

1 
1^ 

ii 

II 

ill 

1 
5 

jbical  Solutions  for  Throttling  Calorimeter  Computations. 
tllier  diagram,  Fig.  345,  otTers  a  very  quick  mean>  of 
the    final  restilt  for  jjercentage  of  moisture  as  tmsed 
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upon  throttling  calorimeter  observations.    Thus,  in  the  case  of 
example  above  computed,  follow  the  i6.6  lbs.  pressure  line  XBaA\ 
crosses  the  line  of  74^  superheat    From  this  point  follow  a 
parallel  to  the  entropy  axis  until  it  cuts  the  164.7  ^^ 
pressure  line.     This  operation  assumes  a  constant  heat  contotl 
the  steam,  as  laid  down  in  the  theory  of  the  calorimeter. 
last  point  of  intersection  will  be  found  to  indicate  99  per  centqi 

This  diagram  is  universal,  that  is,  it  takes  into  account  the 
tion  of  Cp  with  pressure  and  temperature  and  is  therefore  ap] 
to  any  case. 

306.  Limits  of  the  Throttling  Calorimeter. — Wheninequatkmi 
7*2  becomes  equal  to  Tj,  there  will  be  no  superheat  in  the 
eter,  and  all  of  the  heat  liberated  in  the  throttling  process  has 
used  to  dry  the  moisture  in  the  original  steam.  This 
then  marks  the  minimum  value  of  x^  that  is,  the  highest 
of  moisture  that  the  calorimeter  can  indicate  imder  the  coi 
of  initial  and  final  pressure.<  The  following  table,  which  may 
computed  by  substitution  in  equation  (11),  assuming  T^=  T^ 
may  be  constructed  by  means  of  the  entropy  heat  chart,  Fig. 
shows  what  the  lower  limit  of  the  calorimeter  is  for  a 
pressures,  taking  the  pressure  in  the  calorimeter  at  15  lbs.  a1 
There  is,  of  course,  no  upper  limit,  that  is,  no  limit  to  the  d< 
of  superheat  in  the  sample  steam  that  the  calorimeter  can  h 

LIMITS    OF   THE   THROTTLING   CALORIMETER, 


Pressure,  pounds  per  sq.  in. 

Maximum  per 
cent  of  Mois- 

Quality of 
the  Steam, 

Gauge  (Ba- 

Absolute. 

rometer  as- 
sumed, 39.9") 

ture. 

per  cent. 

300 

285.3 

6.7 

93-3 

250 

235-3 

6.2 

93-S 

200 

185.3 

5.6 

94.4 

175 

160.3 

53 

94.7 

150 

135.3 

4.9 

95.1 

125 

no. 3 

4.6 

95-4 

100 

85.3 

4.0 

96.0 

75 

60.3 

3.3 

96.7 

50 

35-3 

3-5 

975 

It  should  be  noted,  however,  that  it  is  not  safe  to  trust  the  itc 
from  a  throttling  calorimeter  when  r,=  T^,  for  tbere  is  no  d 
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indicatioD  under  such  conditions  that  the  original  moisture  in  the 
steam  has  all  been  evaporated.  Further,  when  T,  is  close  to  J,, 
the  readings  should  be  accepted  only  with  caution,  and  should  is 
fact  be  accepted  only  when  the  thermometer  used  is  known  to  be 
coirect  or  when  the  error  is  known  and  allowed  for.  In  the  former 
case  some  other  form  of  calorimeter  must  be  used,  in  the  latter 
case  the  writer  would  recommend  a  change  if  the  margin  between 
r,  and  r,  is  less  than,  say,  10  degrees.  In  this  connection  proper 
lagging  of  the  calorimeter  and  stem  correction  for  the  emei^g 
film  of  the  thermometer  are  often  of  importance. 

307.  Throttling  Calorimeter  Constructed  from  I4pe  Fittings.  — 
It  is  possible  to  construct  a  very  satisfactory  throttling  calorimeter 


^0.385.  —  l^SOTTLIHG  CaLORIUETEB  MADE  PHOM  PlPE  FlTTDJOS. 

from  pipe  fittings,  as  shown  in  Fig.  385.  Connection  is  made  to  the 
main  steam  pipe,  as  explained  already  elsewhere.  The  calorimeter 
k  made  of  }-inch  fittings  arranged  as  shown;  the  steam  pipe  W  is  of 
J-inch  pipe,  and  the  throtding  orifice  is  made  by  forcing  a  taper 
plug  into  the  end  of  the  pipe,  in  which  is  drilled  a  hole  J  or  A  inch 
in  diameter. 

A   thermometer  cup.  Fig.   376,  is  screwed  into  the   top,  and 
a  pet  cock  inserted  opposite,  the  supply  of  steam.    A  manometer. 


■*i 


watch  ^-^-        -2  ..-.u..!-   -ifzi^rz    :..     ■.^.:  ■.ai^i. 
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m 
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# 

where  K  :.i  -  -.  '.or.     •  r  u:  ■    r.r    ■  •.. 

degree  ::  --'•-~*-;i".     7":::    .u  i  "    :... 
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When  "Jir  rV.i-  .=    ..-.r.  -^     Lt     • 
=  26c   T-iV.r  -  £        7-i:r.  £:   = 
peratur-r  it  :*•  .>.•-.  ir-*-.  =  -ry' 
super  bci".  =  i"ic  —  :">!  =  :u.'      ? 
pressur-r.  Fig.  :;■•  ibi-v*  1  vi...:  .. 
Hence 

H  =  ' 
and  the  quality  is 

X  =  -^ — : 


309.   Methods  of   Direct    Determine tunt    o(    M%tiaiiMv  ;««  ai<j-*ui 
The  Separating  Calorimeter.       1  lu'  Mp.iuiuni;   »  iU«muvUk    o   .^^^ 
instrument  which  removes  all  waUT  iwnw  ilu-  •.:(ui|^v:  %•*  ;»u-*»»»  i'\ 


570  EXPERIMENTAL  ENGINEERING 

This  experiment  indicates  that  the  complete  sepamtion  of  moii^niB 
from  steam  is  possible  by  mechanical  means. 

Any  radiation  in  the  instrument  will  increase  the  apparent  moistiiii^ 
in  the  steam,  and  must  also  receive  consideration,  especially  if  it.i 
be  sufficient  in  amount  to  sensibly  affect  the  results. 

The  earliest  form  of  separating  calorimeter  used  in  experiment^ 
work,  in  the  Sibley  College  laboratory,  consisted  of  a  vessel  withaa^ 
interior  nozzle,  extending  below  the  outlet  and  so  arranged  that  dtt^ 
current  of  steam  would  abrupdy  change  direction  and  depoot^ 
the  moisture  into  the  bottom  portion  of  the  vessel.    The  dry  si 
was  allowed  to  escape  near  the  top.    This  instrument,  even  wli9J 
covered  with  hair  felt,  gave  off  sufficient  amount  of  heat  to 
affect  the  results,  and  a  correction  for  radiation  was  essential 
amount  of  radiation  was  determined  by  using  two  instruments 
the  same  kind  and  size,  arranged  so  that  the  discharge  from 
was  the  supply  to  the  other. 

The  second  instrument  receives  perfectly  dry  steam  from 
first,  the  water  deposited  is  due  to  the  radiation  loss,  which, 
the  same  in  both  instruments,  provides  a  method  of  del 
its  amount.     In  figuring  the  percentage  of  moisture,  the  ai 
thro^\ni  down  by  radiation  in  the  second  instrument  is  to  be 
ducted  from  the  total  amount  caught  in  the  first  calorimeter. 

In  later  forms  of  the  instrument  the  amount  of  radiating  si 
has  been  made  so  small  as  to  render  the  correction  for  radiat 
in  all  ordinary  cases,  negligible,  by  constructing  the  insi 
in  such  a  manner  as  to  be  jacketed  by  steam  of  the  same 
and  temperature  as  in  the  sample.     The  form  of  this  inst 
is  shown  in  a  more  or  less  conventional  sketch  in  Fig.  389,  in  wl 
the  steam  is  supplied  through  the  pipe  D,  the  moisture  being 
ccived  in  the  interior  vessel  E,  the  discharge  steam  passing  out' 
the  chamber  E  at  the  top,  into  the  jacket  F,  and  thence  out  of 
instrument  through  a  small  opening  at  L,  the  opening  at  L 
made  sufficiently  small  to  maintain  the  pressure  in  the  jacket:^ 
same  as  that  in  the  sample.     The  discharged  steam  is  then 
densed  in  a  can,  J,     This  can  is  provided  with  a  small  top  in 
is  set  a  gauge  glass  with  attached  scale,  graduated  so  as  to  le 
pounds  and  tenths  of  pounds  of  water.     A  gauge  glass  N  atb 


DETERMINING  AMOUNT  OF  MOISTURE  IN  STEAM     571 

he  calorimeter  is  provided  with  index,  mn,  arranged  to  move 
■  a  graduated  scale,  S,  which  shows  the  weight  of  water  in  the 
el  £  in  pounds  and  hundredths.  In  using  this  instrument  the 
lensing  can  /  is  filled  with  water  to  the  zero  point  of  the  scale, 
amount  of  condensed  steam  is  read  on  the  scale  of  the  can,  J; 


FIg.  jSg.  —  Sepabating  Caloj 


lount  of  water  in  the  sample  of  steam  for  the  same  time  is 
1  the  scale  S.  The  percentage  of  moisture,  in  case  radialion 
M:ted,  is  the  quotient  of  the  reading  of  the  calon'mcler  scale 
ed  by  the  sum  of  the  readings  on  both  scales, 
latest  form  of  the  instrument  is  shown  complete  with  all 
ries  in  Kig-  390,  and  is  a  great  improvement  ovcy  the  earlier 
o  points  of  portability  and  convenience.     It  differs  from  liie 
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form  last  described  principally  in  the  constructioa  of  the  steam- 
separating  device,  which  has  been  increased  in  efficiency,  and  in 
the  substitution  of  a  so-called  flow  gauge 
attached  to  the  outer  jacket,  which  regis- 
ters the  total  flow  of  steam  through  the 
instrument  in  ten  minutes  of  time. 

The  flow  of  steam  through  a  given  orifice 
is  proportional  to  the  absolute  steam  pres- 
sure, by  Napier's  law*  (see  page  453) ,  which 
has  been  proved  correct  for  pressures  above 
25  pounds  absolute;  and  hence  it  is  possible 
to  calibrate  by  trial  a  pressure  gauge  in 
such  a  manner  that  the  graduations  will 
show  the  flow  of  steam  in  a  given  time. 
The  only  error  which  is  produced  in  this 
graduation  is  that  due  to  changes  in 
barometric  pressure,  which  is  never  suf- 
ficient to  sensibly  affect  the  results  obtained 
in  the  use  of  the  instrument  Much,  how- 
ever, depends  also  upon  the  proper  con- 
struction of  the  orifice.  Unless  this  is  a 
well-rounded  (bell-mouth),  smooth  opening,  the  actual  discharge  of 
steam  will  be  considerably  less  than  that  computed.  The  quality 
will  therefore  appear  better  than  it  really  is,  since  w  (see  next 
article)  will  be  assumed  too  large.  Should  any  doubt  arise,  the 
accuracy  of  the  readings  of  the  gauge  arc  easily  verified  by  con- 
densing llie  discharged  steam  for  a  given  period  of  time.  This 
should  be  <lonc  occasionally  to  test  the  graduations. 

310.  Formula  for  Use  with  the  Separating  Calorimeter. —  Let  w 
equal  the  weight  of  dry  steam  discharged  at  the  exhaust  orifice,  W 
the  water  drawn  from  the  separator,  R  the  water  thrown  down 
during  the  run  by  radiation.     Then  the  quality  of  the  steam  is 


(14) 


•  See  "  Tranaactiona  American  Society  Mechanical  Engine 
by  Prof.  C.  H.  Peabody. 


■3,"  Vol.  XI.,  1887.  paper 
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the  amount  of  moisture 

W  -R  ,    . 

To  reduce  the  radiation  loss  as  much  as  possible  the  instrument 
should  be  thoroughly  covered  with  hair  felt  to  the  thickness  of  \  to 
}  inch.  In  this  case  the  total  loss  by  radiation  will  be  about  0.4 
B.t.u.*  per  square  foot  per  hour  for  each  degree  difference  of  tem- 
perature between  the  steam  and  the  surrounding  air.  This  will 
amoimt  to  about  220  B.tu.  per  square  foot  per  hour,  or  about  \  of 
a  pound  of  steam  under  usual  conditions  of  pressure  and  tempera- 
ture. In  the  instrument  described  the  actual  exposed  surface 
amounts  to  about  tV  sq.  ft.,  so  that  the  condensation  loss  may  be 
considered  as  from  lAr  to  b\f  of  a  pound  of  steam  per  hour.  The 
total  flow  of  steam  through  the  instrument  usually  varies  from  40  to 
60  lbs.  of  steam  per  hour,  so  that  if  the  instrument  is  covered, 
the  radiation  loss  would  be  less  than  gV  of  one  per  cent.  If  the 
instrument  be  not  covered,  the  loss  would  be  about  five  times  this 
amount,  or  imder  usual  conditions  about  \  of  one  per  cent. 

The  radiation  loss  can  in  every  case  be  determined  by  using 
steam  of  known  quality,  as  determined  by  the  throtUing  calorim- 
eter, or  better  still  by  arranging  two  separating  calorimeters 
of  exactiy  the  same  size  in  series,  so  that  the  steam  exhausted 
from  the  first  is  used  as  a  supply  to  the  second  in  a  manner  already 
explained. 

311.  The  Limits  of  the  Separating  Calorimeter.  —  The  instru- 
ment will  give  correct  determinations  with  any  amount  of  moisture 
that  the  sample  of  steam  may  contain.  With  steam  containing  a 
very  small  amount  of  moisture,  the  radiation  loss  will  have  more 
effect  than  with  steam  containing  a  greater  amount.  When  the  fact 
is  considered,  however,  that  a  sample  of  steam  cannot  probably  be 
obtained  but  what  differs  more  than  \  per  cent  from  the  average, 
the  futility  of  making  this  correction  becomes  at  once  apparent.  It 
is,  of  course,  almost  superfluous  to  note  that  the  instrument  cannot 
indicate  superheat  in  the  original  sample,  as  the  throttling  calorim- 
eter is  able  to  do.     But  the  separating  calorimeter  can  be  used 

♦  See  numerous  experiments,  Carpenter's  "Heating  and  Ventilation"  (N.  Y., 
J.  Wiley  &  Sons),  Chapter  IV. 
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for  degrees  of  moisture  for  which  the  thiotding  calorimeter 
and  these  two  instrumeats   together,   therefore,  cover  all  of 
quality  conditions  of  steam. 
312.  General  Method  of  Using  the  Separating  Calorimet«r»; 

The  general  method  of  using  is  given  only  lor  the  instrument 
shown,  which  is  briefly  as  follows:  First,  attach  the  inst 
to  a  pipe  leading  to  the  main  steam  pipe,  as  already  ezplained» 
as  to  obtain  the  fairest  sample  of  steam. 

Second,  wrap  the  instrument  and  connections  thoroughly 
hair  felt,  to  prevent  loss  of  heat  by  radiation,  leaving  only  the 
visible. 

Third,  permit  the  steam  to  blow  through  the  instrument 
is  thoroughly  heated,  before  making  any  determinations. 

Fourth,  take  the  initial  and  final  readings  on  the  scale  I3 
390,  at  beginning  and  end  of  a  period  of  ten  minutes  of  time  and 
the  average  position  of  the  hand  on  the  gauge  dial  during  this 
The  pressure  should  be  kept  as  nearly  constant  as  possible 
ing  the  period  of  discharge,  in  which  case  this  hand  will 
constant. 

Fifth,  compute  the  percentage  of  moisture  as  explained  by  dii 
the  reading  on  the  scale  12,  Fig.  390,  by  the  sum  of  the  readin^^ 
scale  12  and  the  gauge  dial. 

Attention  is  again  called  to  the  difficulty  of  obtaining  an  at 
sample  of  steam  for  the  calorimetric  determination.     The  pri] 
cause  of  this  difficulty  is  due  to  the  great  difiPerence  in 
gravity  of  water  and  steam,  as,  for  example,  at  a  pressure  of 
pounds  absolute  per  square  inch  a  cubic  foot  of  steam  weighs 
pound;  a  cubic  foot  of  water  at  the  corresponding  tem] 
weighs  about  56  pounds,  or  more  than  225  times  as  much. 
any  great  amount  of  water  is  contained  in  the  steam,  it  is 
if  moving  in  a  horizontal  pipe,  to  be  concentrated  on  the  bottoi 
moving  downward  in  a  vertical  pipe,  to  fall  under  the  infiw 
gravity  and  inertia;  if  moving  upward  in  a  vertical  pipe,  it  tendtj 
remain  at  the  bottom  until  absorbed  or  taken  up  by  the  ci 
steam.     The  amount  of  water  by  weight  that  will  be  j 
a  mist  or  fog  and  carried  by  the  steam  is  not  definitely  known 
it  depends  in  a  large  measure  on  the  velocity. of  flow. 


■•  »i 
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Because  of  the  great  ditteience  in  weight  of  water  and  steam 
nearly  all  the  water  can  be  deposited  bom  a  cuirent  ot  steam,  in 
a  vessel  or  lesennoir  conveniendv  connected  to  the  steam  pipe«  by 
action  of  gravitr  or  inertia.  Such  a  device  is  known  com« 
meicially  as  a  ^^uri  senator.  The  water  is  removed  from  the 
separator  either  by  an  automatically  controlled  pump  or  tiap  or 
by  hand. 

In  the  determination  of  quality  it  is  desirable  to  remove  the  fiee 
water  by  a  steam  separator  before  making  the  connection  to  obtain 
the  sample,  as  in  that  case  the  sample  is  more  likely  to  be  an  a\^rage 
one.  See  papers  on  this  subject  in  the  "  Transactions  of  the  Ameri- 
can Society  of  Mechanical  Engineers/'  Vol.  XIII,  by  Prof.  D.  S, 
Jacobus,  and  VoL  XII,  by  the  author. 

The  following  is  a  convenient  form  for  recording  observations 
and  results: 


MECHAXICAL   I^\BORATORY,  SIBLEY  COLLEGE,   CORNELL 

uxivERsrrv. 

PRIMING  TEST  WITH  SEPARATING  C\LORIMETER. 

Made  by iqi 

Test  of Sleam 

at X.  Y., 


No. 


Time. 


I 


I 


Pounds  of  Water. 


Dtiration       Gau^e       Absolute  I 

of  Run.     Pressure.    Presstore.  Gande using  Can; 

or  Flow  Gaixge 


Calorimeter. 


Mois- 
ture. 


Ouality 


313.  The  Chemical  Calorimeter.  —  This  instrument  depends  on 
the  fact  that  certain  soluble  salts  will  not  be  absorbed  b}-  dr}-  steam, 
but  will  be  carried  over  by  water,  so  that  if  the  salt  appears  in  the 
steam  its  presence  indicates  water. 
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X'arions  «^alts  have  been  used,  but  common  salt,  chloride  oj 
gives  as  good  results  as  any. 

Tlie  proportion  that  the  -^alt  in  a  given  weight  of  condoised  steam 
bears  to  that  :n  a  '^iven  .veight  of  .vater  drawn  from,  the  boiler,  is 
the  :>errentage  of  moisture  in  the  steam.  The  method  of  aiiai}'5is 
is  a  volumetric  'jne,  and  is  as  follows: 

Add  ihree  or  four  ounces  of  common  salt  to  the  water  in  the 
boiler;  after  it  is  dissolved,  draw  from  the  lx)iler  a  small  amount  of 
water  and  ^^ondense  an  t-riual  weight  of  steam,  which  are  to  be  kept 
in  sefjarate  vessels.  Add  to  each  of  them  a  few  drops  of  neutral 
chromate  of  ;jotash,  but  in  each  case  an  equal  quantity,  which 
amount  may  be  measured  i)y  a  pipette;  the  same  amount  should  also 
l)e  arl^lcd  to  a  \'essel  containing  an  equal  weight  of  distilled  water, 
in  order  to  obtain  a  standard  or  zero  point  for  the  scale  used  in  the 
analysis. 

By  means  of  a  graduated  pipette  a  standardized  solution  of  nitrate 
of  silver  is  permitted  -o  :low.  a  single  fjrop  at  a  time,  into  each  of  die 
ihrce  solution^.  The  effect  is  lo  cause  the  formation  of  the  chlonde 
of  silver,  and  until  that  formation  »:ompletely  takes  place  the  resulting 
liquid  -vill  be  \v!iiti>>h  or  milky;  but  i^ecause  of  the  presence  of  the 
rhn>m?it<\  -Ju'  m--tani  :hr  rhloride  !ias  all  been  precipitated  the 
jiqiiW  ".irns  r«vi.  Th«*  immmi  )!  nitrate  of  silver  required  is  meas- 
ured ' ,y  :]](•  ;_;ra«|iiaierj  jiij^ttC;  anti  gives  the  information  reganiing 

T'v  'It'-ailr.i  'l:n*r:ions  fr.r  ::n»  a*st  are  :ls  follows: 
'J'i<«'    '-.  ''Hrli  .-;«.-r  ICO  c'.inic  centimeters  of  liquid  containing  a 
ff.-.«-  r\rrr.,^  r.\    nr:j:r;ii  'hromate  of  ootassium,  and  use  a  standard 
>o|.i'i^,ri   v,\i]',vr^  .  >.X  G^rams  of  silver  lu  :he  liter;  the  ^^Ilowing  data 


W^rr  VT.'.I.  •>  ;T;-'\r'    ';P    -ir/i-.R  ^<  P/ ■  ^ TR ED  TO  TURN  loo  c.r.  RED 


(  '  .1  ,•  .(■  ■   «-  ■     ■ '  I 


■.t 


»'f"  if  r. 


I.i  '.■.■'•'] 


..  ,./  ^ 


-.►;...,'-..!  T-:ai   i    Third  TrmL 


;  ^.c  c.r. 
0.C5  c.r. 


0.1  ex. 
13  35C-C. 
0.05  ex. 


a 
b 

e 
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Let  the  results  with  these  three  samples  be  denoted  by  a,  b,  and 
c  respectively,  and  the  amount  of  moisture  hyi—x,  we  then  have 


1  —  X  = 


a  —  c 
b-c 


(16) 


This  gives  the  following  results: 


Amount  moisture. 


First  Trial. 


0.1—0.05 
13.6— .05 


.0037 


Seoood  Trial. 


0.05-0.05 
14.0—0.05 


Third  Trial. 


0.1  —  0.05    _ 


I3.35-0-05 


.00375 


Average  =  0.0025. 

Instead  of  common  salt,  sulphate  of  soda  may  be  used,  and 
the  percentage  of  moisture  determined  by  the  percentage  of  sul- 
phiuic  acid  present  in  the  steam  as  compared  with  that  in  water 
from  the  boiler. 

It  will  be  noted  that  this  method  of  determining  moisture  is  rather 
complicated,  and,  on  account  of  their  evident  limitations,  none  of 
the  chemical  methods  are  used. 

314.  Universal  or  Combination  Calorimeters.  —  It  sometimes 
happens  that  a  throttiing  calorimeter  fails  during  a  test  on  account 
of  excessive  moisture  in  the  steam,  and  that  recourse  must  be  had  to 
some  other  form,  like  the  separating.  If  proper  arrangements  are 
made  it  is  usually  possible  to  quickly  make  the  change  from  one  to 
the  other,  but  sometimes  this  cannot  be  done.  Further,  there  are 
cases  in  which  nothing  is  definitely  known  about  the  quality  of  the 
steam  to  be  tested,  and  in  such  cases  the  use  of  a  so-called  universal 
calorimeter  may  simplify  matters  considerably.  These  calorimeters 
are  practically  the  combination  of  a  throttling  with  a  separating 
calorimeter,  these  two  being  used  in  that  order.  The  best  known 
of  these  is  perhaps  the  Ellyson,  illustrated  in  Fig.  391.* 

No  extended  description  is  required.  If  the  throtding  at  the  en- 
trance of  the  chamber  is  sufficient  to  dry  and  superheat  the  steam, 
we  have  the  ordinary  throttling  calorimeter.  If,  on  the  other  hand, 
the  steam  after  passing  the  opening  is  still  wet,  the  amount  of 

*  Power,  Oct.  27,  1908. 
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The  ease  with  which  the  thiottling  and  separating  instruments 
can  be  used,  their  small  bulk,  and  great  accuracy,  render  them  of 
chief  practical  importance. 

The  throtding  calorimeter  can  be  used  only  for  steam  with  com- 
paratively small  amounts  of  moisture,  as  explained  in  Article  306; 
but  the  separating  instrument  is  not  limited  by  the  amoimt  of 
moisture  entrained  in  the  steam.  It  is  not,  however,  adapted  for 
superheated  steam,  nor  can  the  results  be  determined  as  quickly 
as  with  the  throtding  instrument;  when  carefully  handled  the  accu- 
racy is,  however,  substantially  the  same. 
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moislure  remaining  in  it  is  determined  in  the  lower  chamber  as  in 
a  separating  calorimeter.  Designating  the  items  connected  wilh 
the  steam  in  the  chamber  by  the  subscript  2,  and  those  for  the 
original  sample  of  steam  hj  the  subscript!,  we  may  write 


s 


Ellyson  Univeusal  Stgau  Calokiuethk. 


In  thiri  equation,  since  a:,  is  determined  in  the  separating  attach- 
ment to  the  apparatus,  all  the  quantities  but  x,  are  known,  and 
this  may  therefore  be  computed. 

315.  Comparative  Value   of  CalorimeterB. —  These  instruments, 
arranged  in  order  of  accuracy,  are  no  doubt  "=  foUov""  *t"""i>'«« 
separating;  Barrus  superheating;  Hoad 
chemical;  and  lasdy  the  barrel. 
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The  ease  ^with  which  the  throttlmg  and  separating  instru 
can  be  used,  their  small  bulk,  and  great  accuracy,  render  th 
chief  practical  importance. 

The  throttling  calorimeter  can  be  used  only  for  steam  with 
paratively  small  amoimts  of  moisture,  as  explained  in  Artich 
but  the  sej>arating  instrument  is  not  limited  by  the  amot 
moisture  entrained  in  the  steam.  It  is  not,  however,  adapts 
superheated  steam,  nor  can  the  results  be  determined  as  q 
as  with  the  throttling  instrument;  when  carefully  handled  the 
racy  is,  however,  substantially  the  same. 
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The  mean  effective  pressure  .(M.E.I?.).  per  unit  of  area  actk 
the  piston  during  one  complete  cycle  is  obtained  fio;n  the  i 
diagram.    This  quantity,  multiplied  by  the.  area  of  the  pisfe|| 
square  inches  and  by  the  distance  traveled  by  the  piston  per 
in  feet,  will  give  the  work  done  by  the   working  su 
cycle  in  foot-pounds.    Multiplying  by  the  number  of 
working  cycles  per  minute  and  dividing  by  33,000  will 
work  done  by  the  working  substance  in  horse  powet,  that  a^ 
I.H.P. 

Thus,  let  p  equal  the  mean  effective  pressure  In  pouDdi 
square  inch,  /  the  length  of  stroke  of  the  engine  in  feet,  a- die 
of  the  piston  face  in  square  inches,  and  n  the  number  of  qncks 
cylinder  end  per  minute.    Then  the  work  done  per  minute  bj 
working  substance  acting  on  one  side  of  the  piston  is 


LH.P. 


33>«» 


(« 


The  numerical  difference  between  the  I.H.P.  and  the 
of  an  engine  must  give  the  power  lost  in  friction,  so  that 

LH.P.  -  B.H.P.  =  Friction  loss, 

and 

B.H.P. 


•  't 


LH.P. 


=  Mechanical  Efficiency. 


318.  Early  Forms  of  the  Steam-engine   Indicator.  —  We$, 

McN aught  — The  steam-engine  indicator  was  invented  by 
Watt,  and  was  extensively  used  by  him  in  perfecting  his 
The  indicator  of  Watt,^  as  used  in  1814,  consisted  of  a  smaD 
cylinder  ^4^4,  as  shown  in  Fig.  393,  in  which  a  piston  was 
the  steam-pressure,  against  the  resistance  of  a  spring  A?*.^ 
end  of  the  piston-rod  carried  a  pencil,  which  was  made  %^ 
against  a  sheet  of  paper  DD^  moved  backward  and 
conformity  to  the  motion  of  the  piston.    By  this  method  a 
was  produced  similar  to  that  shown  in  Fig.  393. 

McNaught's  indicator,  which  succeeded  that  of  Watt  attd 
general  use  imtil  about  i860,  differed  from  the  fprm  u^ed  bjjr 

^  See  Thuiston's  Engine  and  Boiler  Trials,  pige  xyim 


^ 
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principally  in  the  use  of  a  vertical  cylinder,  instead  of  the  sliding 
panel,  which  was  turned  backn-ard  and  forward  on  a  vertical 
axis,  in  conformity  to  the  motion  of  the 
piston. 

319.  Ths  Richards  Indicator.*  The  Rich- 
ards indicator  was  invented  by  Professor  C.  B. 
Richards  about  1S60;  it  contains  every  essen- 
tial constructive  feature  foimd  in  recent  indi- 
cators, and  may  be  considered  the  prototj-pe 
from  which  all  other  indicators  differ  simply 
in  details  of  workmanship,  form,  and  size 
of  parts. 


The  construction  of  this  in- 
dicator is  well  shown  in  Fig. 
394,  from  which  it  is  seen  to 
consbt  of  a  steam-cylinder 
AA,  in  which  is  a  piston  B, 
connected  by  a  rigid  rod  with 
the  cap  F.  The  movement 
of  the  piston  is  resisted  by 
the  spring  CD  in  such  a  man- 
ner that  its  motion  in  either 
direction  is  proportional  to 
the  pressure.    The  motion  of 

the  piston-rod   is  transferred 

_     ,       ,.   ,  Fig.  594.  —  Richards  Isdicaioil 

to   a  pencil  at  K,  by  Imks 

which  are  so  arranged    that  the  pencil   moves   parallel  to  the 
*  See  tbe  Richards  Indicator,  by  C.  B .  Porter;  New  York,  D.  Van  Nostrand. 
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piston  B,  but  thiough  a  considerably  greater  range.     The  i 
cator-spring  can  be  taken  out  by  unscrewing  the  cap  E,  rei 
the  top  of  the  instrument  and  unscrewing  the  piston  B,  and 
spring  of  a  different  strength  can  be  substituted.     The  di 
is  made  of  light  metal,  mounted  on  a  vertical  axis,  and 
with  a  spring  arranged  to  resist  rotation.     The  drum  is  ci 
to  the  cross-head  or  a  reducing  motion  by  a  cord,  and  is 
motion  in  one  direction  by  the  tension  transmitted  ihi 
cord  and  in  a  reverse  direction  by  the  indicator  drum-spring. 
paper  on  which  the  diagram  is  to  be  drawn  is  wrapped 
around  the  drum  OQ,  being  held  in  place  by  the  clips  PQ. 
indicator  is  connected  to  the  steam-cylhider  by  a  pipe  leadii^l 
the  clearance-space  of  the  engine,  a  cocli,  T,  being  screfl.«l 
this  pipe,  and  the  indicator  coimected  to  the  cock  by  the  coii| 


Fig.  3g5.  — Thoufson  Indicatox. 


FJg.  396.  ^SErririN.  THcaiP 


320.  The  Thompson  Indicator. — This  indicator  is  shown  in 
395  and  396.     It  differs  from  the  Richards  indicator  principa 
the  form  of  the  parallel  motion,  form  of  indicator-spring,! 
details  of  workmanship.    The  parts  of  the  instrument  ar^  » 
lighter,  and  it  is  better  adapted  for  use  on  high-speed  engid 

He  constructbn  is  essentially  the  same  as  the  Richui 
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Ahod  of  changing  springs  should  be  thoroughly  understood,  and 
u  follows:  Unscrew  the  milled  edged  cap  at  the  top  of  the  steam- 
rfinder;  then  take  out  piston,  with  aim  and  connections;  disconnect 
H»dl-lever  and  piston  by  unscrewing  the  small  milled-headed  screw 
fUdi  connects  them;  unscrew  the  spring  from  the  cap  and  from 
be  [oston.  substitute  the  one  desired,  and  put  together  in  same 
maneT,  beii^  careful,  of  course,  to  screw  the  spring  up  iirmly 
^junst  cap  and  down  to  the  piston-head.  The  method  of  chang- 
llg.springs  is  simple,  easy,  and  convenient,  and  does  not  require 
Sk  use  of  any  wrench  or  pin  of  any  kind. 

The  position  of  the  atmospheric  line  on  the  drum  may  in  this  indi- 
cator be  changed  by  regulating  the  position  of  the  small  screwed 
bead  A,  Fig.  396,  on  the  piston-rod. 

331.  The  Tabor  Indicator.  —  The  Tabor  indicator,  shown  in  Figs. 
397  and  398,  differs  from  other  indicators  prindpall)'  in  producing 


Flc.  3g7.— Tabob  Indicator. 


Fig.  3<)8,^Sectiiin',Tab(ih  Indicatui 


the  parallel  motion  of  the  pendl  by  a  pin  moving  in  a  peculiarly 
shaped  slot.  It  also  differs  in  details  of  construction  and  in  form 
of  the  indicator-spring. 

The  method  of  changing  springs  in  the  Tabor  indicator  is  as 
ftfiows:  Remove  the  cover  of  the  cylinder,  remove  llic  screw  bc- 
Acath  the  piston,  unscrew  the  piston  from  the  spring  and  the  spring 
ftom  the  cover  and  replace  with  the  spring  desired.     When  the 
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lower  end  of  the  piston-rod  is  intioduced  into  the  square  li 
the  center  of  the  piston,  care  must  be  taken  that  it  sets  fkiiljr 
hole  before  the  screw  is  applied.  Unless  stich  care  is  obseni 
comers  may  cateh  and  cause  derangement.  Tlie  lenmm  t 
drum-spring  may  be  varied  by  removing  the  paper  drum,  loa 
the  thumbscrew  which  encircles  the  central  shaft,  lifting  the  ( 
carriage  so  as  to  clear  the  stop,  and  then  winding  the  cairii 
the  direction  desired. 

323.  The  Crosby  Indicator.  —  The  Crosby  indicator  is  sboi 
Figs.  399  and  400.     It  differs  from  those  already  described  i 


Fio.  399.  — Ckosby  Indicatok. 


form  of  piston  and  drum-springs  and  in  the  arrangement  if  J^ 
ducing  accurate  parallel  motion. 

The  special  directions  for  this  instrument  are  given  by  il>* 
facturers  as  follows: 

To  remove  tlie  piston,  spring,  etc.,  unscrew  the  ap,  i 
the  sleeve,  lift  all  the  connected  parts  btfi.  This  giva  hH 
to  the  parts  to  clean  and  oil  them. 


d 
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To  detach  Ike  spring,  unscrew  the  cap  fiom  spring-head,  then 
unscrew  piston-iod  from  swivel-head,  then  with  the  boUow  slotted 
vrench  unscren-  the  pbton-rod  from  the  pistoo.  To  insert  a 
^ling,  simply  re\'erse  this  process.  Before  setting  the  foot  of  the 
spring  unscrew  G  slightly,  then,  after  the  pbton-rod  has  beoi 
firmly  screwed  down  lo  its  shoulder,  set  G  up  finnly  against  the 
bead,  and  thereby  take  up  all  lost  motion. 


Fic.  400.  —  Section,  Crosby  Indicator, 


It  is  often  desirable  to  change  lite  position  of  the  atmospheric  line  on 
tiie  paper.  This  can  easily  be  done  by  unscrewing  the  cap  from 
the  cylinder  and  raising  the  sleeve  BB  which  carries  the  pencil- 
movement.  Then  turn  the  cap  to  the  right  or  left,  and  the  piston- 
rod  will  be  screwed  off  or  on  the  swivel  E,  and  the  position  of  the 
atmospheric  line  will  be  raised  or  lowered. 
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Never  remove  the  pins  or  screws  from  the  joints  K,  J,  L,M, 
but  keep  them  well  oiled  with  refined  porpoise-jaw  oil,  whidij 
furnished  with  each  instrument 

The  tension  on  the  drum-spring  should  be  increased  or  i 
ished  according  to  the  speed  at  which  the  instrument  is  used,  li 
means  of  the  thumb-nut  on  top  of  the  dnim-spindle. 

333.  Indicators  with  External  Spring*.  —  It  will  be  pointed  01 
later  more  in  detail  that  the  varying  temperature  to  which  ind 
cator-springs  are  heated  in  actual  service  has  a  certain  effect  i 
changing  the  scale  of  spring.    This  fact  has  of  late  years  t 
of  greater  importance  on  account  of  the  hi^  temperatures  e 
tered  in  case  highly  superheated  steam  is  used  and  on  account  a 
the  highly  heated  products  of  combustion  in  gas  eng 
vision  can  be  made  for  cooling  the  ordinary  form  of  spring,  e 
by  using  a  water-cooled  indicator  cock  or  by  water-jacketing  i 
spring  barrel,  but  in  the  past  few  years  indicators  with  ext 
springs  ha\'e  found  their  way  into  the  market. 

There  are  two  main  types  of  such  external  spring  indicatoili 

In  the  one  the  spring  is  flat,  is  fixed  at  the  end  away  from  the  p 

^^—^  barrel  of  the  indicator  and  is  flei 

K'lliljI'l  over  a  fulcrum  whose  position  along 

I'^'l  ^^  spnng  can  be  regulated,    lldi 

ff^^^S^^=^=^~^  n^SM  *yP*  ^  illustrated  by  the  Bacheldfl 

[L_L      ^p^jM  indicator  (see  Fig.  401),      The  ad 

^llfljjil.  ^-^-^^^^T  _„,'»t    vantage  of  this  construction,  is  du 

||[^--^ — ^  """""."^'^^I^EfrB    ^^  spring  is  kept   cool,   and  tfai 

JjTl^|r       """"^^  ■  JJ^"^       two  or  three  springs  at  most  can  h 

^EjiJ  made  to  cover  the  entire  range  0 

^^ll^n  ordinary  pressures,  since,  by  chaii| 

^r^  of  fulcrum,  one  spring  may  sen 

Fii;.  401.  -  Bachelder  Indicator,   for   a   number  of  different  scald 

The  main  objection  to  the  indicatt 

would  seem  to  be  the  chances  of  error  involved   in  setting  Al 

fulcrum  to  the  proper  point.     This  of  course  could  be  taken  cll 

of  by  calibration.     It  should   be  stated   that  this  indicator  wi 

on  the  market  some  time  before  the  second  type  about  to 

described  was  developed. 
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In  the  second  type  the  spring  is  of  the  ordinary  form ;  in  faci 
[i^erican  manufacturers  have  developed  this  indicator  so  that  th 
o£  the  ordinary  instrumeot  may  be  used  interchangeabl} 


¥ia.  401.  — Vabious  Typks 


This  indicator  has  for  the  past  six  or  eight  years  gone  through 
course  of  development  during  which  it  assumed  a  variety  of  form 
some  of   which  are  shown  in  sketch  in  Fig.  402.*     The  problci 
•  HaedcT.  Der  Indicator,  p.  13. 
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fit  406. — Ckosby  Conmnous  iNrauToa  with  Exteksal  Spring. 
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with  the  same  t3rpe  of  spring  is  the  Crosby  continuous  if 
406). 

324.  Indicatora  for  Ammonia  Machiniwi.  —  The  indkatoft 
factured  for  use  with  the  steam  and  the  gas  engine  are  mailed 
or  similar  material  containing  copper,  and  are  hence  UDsdl 
use  with  ammonia  or  other  vapor  which  attack  this  mdal 
use  in  testing  refrigerating  and  similar  machinery,  most^ 
manufacturers  make  an  all  iron  or  steel  indicator,  and  caltt^i 
be  taken  to  see  that  such  instruments  are  used  in  these 

In  all  the  types  so  far  described,  the  piston  must  be 
tively  loosely  fitted  in  the  cylinder  to  prevent  excessive  t 
and  binding  at  high  temperatures,  and  as  a  result  these  il  I 
more  or  less  leakage  to  the  upper  side  of  the  piston  «jh1 
thence  into  the  atmosphere.  This  is  practically  nonpieva 
in  this  form,  as  the  upper  side  of  the  piston  must  be  btdytH 
the  atmosphere  in  order  that  the  atmospheric  line  may  beoaji 
traced  and  that  the  piston  and  spring  may  operate  piope^/ 
leakage  of  ammonia  vapor  is  natm^ly  not  desirable,  and  ft 
vent  such  leakage  various  forms  of  indicator  have  from  di 
time  been  produced.  The  most  common  among  these  hM 
phragm  indicator,  in  which  a  diaphragm  takes  the  ]^kefi'i 
ordinary  piston  spring  or  piston  and  spring.  This  enabki 
plete  isolation  of  the  cylinder  from  the  atmosphere,  botll 
disadvantages  that  the  scale  of  the  spring  is  not  unifbnA,^ 
tions  decreasing  as  the  pressure  rises,  and  that  the  amAi 
motion  obtainable  is  so  small  as  to  necessitate  excessive  al 
cation  in  order  to  obtain  a  diagram  of  reasonable  haf^i 
process  is  apt  to  introduce  serious  errors  if  carried  out  bj  Jl) 
ical  linkages  in  the  ordinary  way.  In  one  of  the  optical  iaA 
described  below,  it  is  effected  in  such  a  way  as  to  introdvBI 
negligible  errors. 

325.  Small  Piston  Indicators.  —  The  spring  which  woutfl 
quired  if  the  ordinary  indicator  were  to  be  used  wiA  v<| 
pressures,  such  as  those  attained  in  gas  engines  and  IjEjIi 
accumulators,  might  be  so  bulky  that  it  could  not  wcO  •^ 
inio  the  space  available  for  it.    This  would  mean  either       l 

ixe  of  special  indicators  for  use  with  such  high 
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r  the  making  of  the  ordinary  indicator  in  such  a  way  that  springs 
of  usual  size  could  be  used  with  it.  Either  method  means  addi- 
tional expense,  in  the  purchase  of  t^'O  indicators  or  in  the  pur- 

r    chase  of  a  number  of  springs  of  widely  different  strengths. 

To  make  the  ordinary  indicator  with  the  ordinary  supply  of 
springs  available  for  use  over  wide  pressure  ranges,  many  of  the 

-  manufacturers  furnish  what  are  known  as  small  piston  indicators. 
In  these  the  indicator  cylinder  bore  is  continued  downward  with 
a  diameter  of  such  size  as  to  accommodate  a  piston  with  one-half 
or  one-quarter  the  area  of  the  ordinary'  piston.  By  using  the  small 
piston  instead  of  the  full-sized  one,  the  ordinar}'  springs  can  be 
used  for  the  measurement  of  much  higher  pressures.  The  use 
of  a  half -size  piston  amounts  to  doubling  the  scale  of  the  spring; 
the  use  of  a  quarter-size  piston  is  the  same  as  quadrupling  the 
scale. 

326.  Large  and  Small  Indicators.  —  In  the  early  days  of  the 
indicator  the  speeds  of  rotation  of  engines  and  the  pressures  used 
were  both  low,  but  during  recent  years  both  have  been  materially 
raised.  As  will  be  shown  below,  the  errors  of  indicators  increase 
very  rapidly  with  the  speed  and  with  the  pressure  because  of  inertia 
effects,  which  cause  the  various  parts  to  over-  and  under-travel 
and  run  ahead  or  behind  their  proper  positions.  These  errors  can 
be  materially  reduced  by  decreasing  the  weights  and  the  travel  of 
the  moving  parts,  and  most  of  the  makers  of  indicators  now  pro- 
duce a  large  size  for  ordinary  speeds  and  pressures  and  a  small 
size  for  high  speeds  and  pressures.  The  small  size  naturally  gives 
a  smaller  diagram  than  the  other,  but  it  is  found  that  these  small 
diagrams  give  results  with  smaller  errors  than  result  from  the 
attempt  to  get  larger  ones. 

327.  The  Continuous  Indicator.  —  In  some  types  of  engines  the 
successive  working  cycles  traced  through  a  given  period  of  opera- 
tion vary  so  radically  in  amount  of  energy  developed  that  an  aver- 
age determination  of  power,  obtained  by  evaluating  a  series  of 
diagrams  taken  one  at  a  time  and  at  stated  intervals,  may  be  very 
far  from  a  true  mean  value.  In  some  cases,  as,  for  instance,  in 
rolling-mill  engines,  the  time  of  operation  is  so  short  that  even  this 
procedure  is  not  possible.    To  take  a  series  of  diagrams  over  one 
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another  on  the  same  card  is  not  a  satisfactory  method  on  a 
of  the  difficulty  of  integrating  all  the  cards  or  of  locating  the 
card.  Conditions  found  in  indicating  gas  engines  which  { 
on  the  hit-and-miss  principle  are  somewhat  similar^  altbouj 
cycles  traced  between  two  miss  periods  are  usually  not  so  nun 
or  as  varying  in  size  as  in  the  case  of  a  rolling  mill  or  hoistii 
gine.  For  obtaining  the  average  power  developed  m  such  a 
with  a  fair  degree  of  accuracy,  the  so-called  continuous  ind 
does  good  sen'ice.  This  is,  in  principle,  just  like  the  old 
indicator,  except  that  provision  is  made  for  moving  the  paj 
certain  small  distance  around  the  indicator-drum  every  tim 
latter  oscillates.  The  means  for  doing  this  are  various.  S 
times  two  drums  are  used,  the  roll  of  paper  being  wound  fron 
onto  the  other.  In  most  cases,  however,  two  small  spook 
located  inside  of  the  indicatorrdrum,  the  paper  passing  from 
spool  around  the  outside  of  the  drum,  winding  up  on  the  se 
spool.  A  modification  of  this  idea  is  used  in  the  Crosby 
tinuous  indicator,  Fig.  406.*  The  small  roll  seen  near  the 
in  the  main  drum  holds  the  supply  of  paper,  which  after  pa: 
around  the  main  drum  is  wound  on  a  concentric  drum  in 
The  travel  of  the  paper  may  in  this  indicator  be  adjusted  so 
from  6  to  100  diagrams  may  be  obtained  per  foot  of  paper.  Fig 
shows  an  example  of  the  work  done,  the  series  being  taken  fw 
plate-mill  engine,  starting  with  the  friction  load,  showing  the  ] 
and  ending  again  with  the  friction  load.  The  points  of  admi 
and  of  release  are  marked  with  the  same  numbers  for  each  diag 

328.  The  Errors  of  the  Piston  Indicator.  —  There  has  al^ 
been  a  tendency  on  the  part  of  engineers  to  regard  the  indicali 
an  instrument  of  great  precision,  and  the  fact  is  that  it  can  be  I 
one  of  the  most  precise  of  any  used  by  the  engineer  by  great 
in  its  selection  and  operation.  As  ordinarily  handled  it  pves  it 
which  may  be  in  error  an>'where  from  five  to  as  much  as  tea 
cent,  and  it  is  doubtful  if  it  ever  gives  results  closer  than  tm 
cent,  except  in  the  hands  of  an  expert  in  its  use. 

As  used  for  the  measurement  of  power,  the  drum  of  the  indi 
should  move  in  synchronism  with  the  piston  of  the  engine,  fol 

*  Power ^  Nov.  23,  1909. 
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ing  against  the  other  principal  errors  are  gi\*en  in  the  following 
paragraphs. 

329.  Calibration  of  Indicator-Springy.  —  The  Indicator-spring  is 
usually  a  helical  spring;  when  in  use  it  has  one  end  screwed  to  the 
upper  head  of  the  cylinder,  and  the  other  screwed  to  the  piston, 
except  in  the  case  of •  the  Crosby  spring  (see  below).  To  insure  accu- 
rate results  the  spring  must  be  accurate,  and  there  must  be  no  play 
or  lost  motion  between  the  piston  and  the  cylinder-head,  and  the 
spring  must  receive  and  deliver  the  force  axially.  The  number  of 
pounds  pressure  on  the  square  inch  required  to  move  the  pencil 
one  inch  is  stamped  on  the  spring,  and  the  springs  are  designated 
by  that  number,  which  k  called  the  scale  of  the  spring.  It  is 
essential  to  know  the  error,  if  any,  in  the  scale.  A  spring  can  be 
readily  removed  and  another  substituted  when  desired;  probably 
the  maximum  compression  should  not  exceed  one-third  of  an  inch. 
With  the  usual  multiplication  of  6  to  i,  this  would  mean  a  pencil 
travel  equal  to  6  X  J  =  2  inches,  so  that  the  allowable  maximum 
pressure  in  the  case  of  say  an  80-poimd  spring  would  be  160  pounds. 
A  rule  given  by  one  of  the  manufacturers  is  to  multiply  the  scale 
by  2I  and  then  to  subtract  15  pounds  to  get  the  allowable  maxi- 
mum pressure.  For  the  80-pound  spring  this  would  give  185 
pounds. 

The  spring  is  in  many  respects  the  most  important  part  of  the 
indicator,  as  the  form  of  the  diagram  is  directly  afifected  by  any 
error.  The  following  cuts,  Figs  408  to  410,  show  some  of  the  princi- 
pal forms  adopted  by  a  few  of  the  makers,  and  it  may  perhaps  be 
sufficient  to  state  that  within  the  range  of  action  of  the  indicator 
any  of  these  forms  can  be  made  practically  perfect. 

The  best  method  of  calibrating  an  indicator  spring  is  still  a 
mooted  question.  It  is  admitted  by  all  that  the  conditions  during 
calibration  should  as  nearly  as  possible  duplicate  those  during  use, 
but  so  far  no  calibrating  device  which  will  do  this  has  been  pro- 
duced. Roughly  all  the  methods  so  far  used  divide  naturally  into 
two  classes : 

(a)  Dead -weight  calibration,  and 

(6)  Fluid -pressure  calibration. 

Either  method  may  be  used  with  the  spring  hot  or  cold. 
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a  pressiu^  of  hity  pounds  per  square  inch,  but  in  an  ordinan*  indi- 
cator with  a  piston  having  an  area  of  one-half  square  inch  this 
spring  will  cause  a  movement  of  one  inch  when  an  actual  load 
of  twenty-five  pounds  is  applied  to  the  face  of  the  piston.  It  thus 
follows  that  the  reading  of  the  platform  scale  would  in  this  case 
have  to  be  multiplied  by  two  to  gi\'e  a  value  comparable  with  the 
indication  of  the  spring.  In  general,  the  reading  of  the  balance 
must  be  multiplied  by  the  reciprocal  of  the  area  of  the  indicator- 
piston  in  square  inches  to  obtain  the  load  on  the  pbton  in  pounds 
per  square  inch. 
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Fig.  411.  —  Sample  Indicator-Spring  Caubration  Diagrams. 


The  spring  is  calibrated  by  raising  the  pressure  in  even  incre- 
ments, generally  such  as  will  give  pencil  positions  about  a  fifth  of 
an  inch  apart,  and  rotating  the  indicator-drum  when  each  desired 
value  is  reached,  obtaining  a  line  upon  the  paper  on  the  drum  in- 
dicating the  f)encil  position  for  each  pressure.  After  the  highest 
desired  pressure  is  reached  the  pressure  is  decreased  by  similar 
amounts,  marks  being  made  at  each  value  as  before.  It  will 
generally  be  found  that  the  two  marks  obtained  for  the  same 
pressure  value  do  not  correspond  (see  Fig.  411),  those  obtained 
when   reducing    the   pressure   being  above   those   obtained  when 
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6oo  EXPERUIEXTAL  ENGINEERIXG 

raising  the  pressure.  This  is  due  to  fncticm  and  similar  retard- 
ing forces.  The  average  between  every  two  correspoiiding  lines 
is  to  be  taken  as  the  reading  for  that  pressure.  It  is  very  impor- 
tant never  to  overrun  a  setting  going  up  or  down  and  then  back 
up  to  it,  as  it  is  evident  that  the  retarding  forces  wiD  then  be 
acting  in  the  wrong  direction. 

.Another  dead -weight  tester,  a  modification  of  the  platform-scale 
idea,  has  been  lately  brought  out  and  patented  by  ^Ir.  A.  B. 
Calkin.s.* 

Fig,  412  shows  that  this  apparatus  consists  essentiaUy  of  a  heavy 
I'crtical  standard,  5,  supporting  a  compound  lever  system,  Z,  L,,  ly 
The  lower  lever  L^  is  so  arranged  that  steel  scales  F  may  be  inserted 
a/,corrling  to  the  scale  of  indicator-spring  to  be  tested.  Certain 
weights,  6',  are  placed  on  the  poise  £,  also  according  to  the  scale  of 
the  spring.  The  weight  of  the  coimterpoise  H  is  constant  The 
afifiaratus  is  furnished  with  leveling  screws  K  in  the  base  and 
i^hr^uld  tx;  erected  on  a  solid  foundation  and  careftdly  leveled  up. 
TJic  indicatr^r  to  Ix;  tested  is  attached  to  the  connection  J'.  The 
I^iston  /  fits  against  the  underside  of  the  indicator-piston.  The 
rrxi  of  piston  J  is  so  constructed  that  its  length  may  be  varied  by 
turning  the  knurled  heads  //'.  The  lower  end  of  the  piston-rod 
rest-*  against  the  lever  L,  The  method  of  testing  the  indicator- 
h(>ring  is  as  ff^llows:  Insert  proper  scale  F  and  place  proper  weights 
G  ()n  the  [Kii.-e  /s,  as  shown  by  a  card  of  directions  furnished.  Place 
the  v*:rnier  C  on  the  zero  of  the  scale  F.  Attach  the  indicator  to 
J'  and  arljust  tlie  length  of  the  piston-rod  so  that  J  is  just  in  contact 
v/itfi  the  indicator-piston.  The  prof)er  balance  of  the  apparatus 
v/ill  then  be  shown  by  the  jx)inter  B  coinciding  with  the  stationary 
hair  line  A.  In  this  position  draw  the  atmospheric  line.  Next 
run  the  jx^i.-^e  £  along  the  scale  F  to  any  desired  position.  This 
will  put  the  ajjj>aratus  out  of  balance  and  throw  the  pointer  B  to 
tin:  left  of  the  line  A.  Restore  the  balance  by  adjusting  by  means 
of  /  and  /'.  Draw  a  second  line  on  the  indicator-dnma  which  will 
n;present  the  j^ressurc  as  indicated  on  the  scale  F.  A  series  of 
lines  at  definite  pressure  inter\'als  going  up  and  down  may  thus 
l>e  obtained,  as  in  the  apparatus  previously  described. 

♦  See  Power  for  Aug.  10,  1909. 
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Fw.  4x2.— c^jujs  Indicator-Spring  Testing  Apparatus. 
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Xeiiher  of  the  above  types  of  dead-weight  apparatus  is  easilf  i 
adapted  for  use  with  steam  should  it  be  desired  to  test  springs  hoti 
This  can  be  done  in  the  apparatus  shown  in  Fig.  413,  which  is  on 
German  origin.*  In  the  left-hand  figure  the  indicator  is  shovil 
loaded  by  dead  weight  as  if  under  steam  pressure,  while  the  right- 
hand  shows  the  method  of  attachment  and  of  loading  for  vacuum^ 
springs.  Steam  is  admitted  for  heating  only,  through  a  latent] 
connection  A  (see  plan  xnew),  the  method  of  confining  it  beipg; 
shown  in  the  detail  figure  B. 

Fluid' pressure  calibrating  devices  nearly  always  employ  steami 
to  load  the  piston  and  deflect  the  spring.    Water  is  not  a  suitable^ 
medium,  because  it  is  difficult  to  maintain  any  given  pressure  01 
to  leakage  past  the  piston.     To  make  the  piston  sufficiendy  tight  \o\ 
prevent  this  would  introduce  excessive  frictbn  and  probably 
the  indicator  useless.    In  general,  some  dead-weight  or  equivalot] 
apparatus,  as,  for  instance,  a  mercury  colunm,  is  used  for  measunf  ] 
the  pressure  exerted  on  the  piston,  because  the  determination 
this  pressure  by  means  of  a  gauge  would  not  give  values 
enough   and   would,   moreover,  give  values  depending  upon 
accuracy  and  the  calibration  of  the  gauge. 

A  very  accurate  arrangement  for  laix)ratory  use  consists  of 
closed  vessel  into  which  steam  can  be  introduced  at  various  cofrj 
trolled  pressures  and  to  which  can  be  attached  the  indicator  aai] 
a  long  mercury  column.     By  varying  the  pressure  by  convi 
increments  and  determining  the  vaJue  of  that  pressure  from 
reading  of  the  mercury  column,  very  consistent  and  accurate 
can  be  attained.     The  apparatus  has  the  disadvantage  that 
mercury  column  must  generally  be  verj'  long  and  unwieldy. 

A  sim])lc  device  is  shown  in  Fig.  414,  consisting  of  a  cylinder, 
supjH)rted  on  a  bracket  above  a  pair  of  scales  and  fitted; with 
j)iston  liaving  an  area  of  cross-section  exactly  the  same^a^ 
indicaior-|)ist()n.  A  rod  from  this  piston  extends  downward  ob 
a  platform  Kale,  as  shown  in  the  figure.  The  indicator  is  ca 
nected  by  suitable  piping  to  the  upper  end  of  the  cyhnder.  T 
steam  for  the  purpos^e  of  calibration  is  adjusted  in  pressure  by 

♦  Roser,  Prtifung  der  Indicatorfedem,  Zeitschrift  d.  V.  D.   Ingenieuit,  i^ 
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valve,  E,  before  it  enters  the  drum,  B.  The  pressure  of  tfac-i 
in  the  drum  is  shown  on  the  attached  gauge.  This  steam  pfi 
exerts  an  upward  pRHi 
the  indicator-pistoQ  aa 
downward  pressure  m 
piston  in  the  cyUada, 
which  latter,  concded 
dead  weight,  is  memnd 
the  weighing-scales  shon 
A  modification  of  tin 
paratus  is  shown  is  FigK 
which  consists  of  a  vtati 
into  which  steam  can  be 
mitted  at  any  desired  pM 
The  pressure  in  the  mal 
on  the  piston,  K,  lAid 
one-half  square  indi  b  i 
and  it  may  be  measnn^ 
the  attached  scale-beam, 
same  pressure  acts  at 
indicator-piston.    By  taking  simultaneous  readings  of  the  pm 


Fig.  4IS-  — b'DiCATOK-SpBiKC  Testhm  Ai>PAXAtu& 
on  the  piston,  K,  and   on  the  indicator-piston,  the  calibratiBtt' 
be  performed   substantially  as  described.      This  apponM- 
proved  satisfactory  after  an  extensive  use. 
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330.  Comparison  of  I>ead-*Wcight  and  Fluid-Pressure  Methods  of 
Calibration,  and  Hot  vs.  Cold  Calibration.'^'  The  advantages  of 
the  dead -weight  methods  may  be  outlined  as  follows: 

(a)  Comparatively  low  cost  of  apparatus. 

{b)  Possibility  of  placing  apparatus  in  any  desirable  place. 

(c)  Easy  and  quick  manipulation. 

Opposed  to  these  are  the  following  disadvantages: 

(a)  The  axis  of  the  indicator-piston  must  be  set  accurately 
vertical. 

(6)  The  rod  transmitting  the  pressure  must  be  centered  accu- 
rately on  the  piston.  If  either  of  these  items  is  n^lected,  eccentric 
load  may  introduce  excessive  piston  friction. 

(c)  It  is  in  general  not  easy  to  control  spring  temperature,  if  the 
springs  are  to  be  tested  hot. 

(d)  The  scale  of  the  spring  depends  upon  the  accurate  determina- 
tion of  the  diameter  of  indicator-piston. 

Fluid -pressure  calibration,  imless  compressed  air  is  used,  gener- 
ally means  the  employment  of  steam,  that  is,  it  is  practically  hot 
calibration.  The  great  advantage  of  this  method  is  undoubtedly 
that  the  condition  of  the  indicator,  pistons  and  spring  approximates 
more  closely  to  the  actual  condition  of  use  than  if  the  spring  were 
tested  cold.  One  or  two  disadvantages  of  the  method  may,  how- 
ever, be  cited.  The  first  is  generally  greater  cost  of  apparatus, 
less  quick  and  easy  manipulation,  and  less  choice  of  location  of 
the  apparatus.  Further,  the  temperature  w^hich  an  indicator  and 
its  spring  attains  during  use  is  generally  an  unknown  quantity. 
It  is  probably  certain  that  the  spring  and  piston  get  hotter  during 
calibration  than  they  were  during  most  tests,  especially  if  the  appa- 
ratus is  not  quick  in  its  regulation  of  steam  pressure.  Tests  on 
spring  temperatures  have  been  made,  but  they  do  not  fully  agree, 
the  results  showing  temperatures  anwhere  from  20  to  120  degrees 
less  than  the  temperature  of  the  steam.  It  should  be  pointed  out 
here  that  the  fit  of  the  piston  has  a  good  deal  to  do  with  the  tem- 
perature of  spring  and  of  spring  chamber.  It  has  been  pointed 
out,    however,   that   the  error  introduced    by  having  the  spring 

*  For  detailed  information  on  these  points,  see  the  above  mentioned  article  by 
Roser  in  the  Zeitschrift. 
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temperature  not  quite  what  it  was  on  the  test  is  generally  sij 
small  that  it  comes  within  the  error  due  to  the  other  impeife^j 
tions,  as,  for  instance,  lost  motion^  inaccurate  straight4ine  motio^j 
of  pencil,  etc. 

As  far  as  present  practice  is  concerned,  American  engineeis  stlj 
prefer  hot  calibration  imder  fluid  pressure,  Le.,  with  the  use  of  steaDLj 
German  engineers,  in  the  adoption  of  a  code,  under  date  of  May 
1906,*  have  gone  on  record  in  favor  of  dead  weight  caUbratioa.^ 
The  provisions  of  this  code  are  in  brief  as  follows: 

1.  Every  indicator  whose  spring  is  to  be  calibrated  should 
be  examined  with  reference  to  piston  friction,  fit  of  piston, 
lost  motion  in  the  pencil  mechanism. 

2.  Springs  are  to  be  tested  by  dead-weight  calibration. 

3.  Springs  should  be  tested  in  the  indicator  to  which  they 

4.  Every  spring  which  during  use  attains  temperatures 
than  ordinary,  should  in  general  be  tested  both  hot  and  cdd, 
room  temperature  and  at  about  212®  F. 

5.  Springs  should  be  tested  at  several  pressure  intervals,  at 
5  above  the  atmosphere  and  at  least  3  below  the  atmosphere, 
report  should  show  the  detail  results  for  each  interval 

6.  The  diameter  of  the  indicator  piston  should  be  del 
at  room  temperature. 

\\'ith  reference  to  paragraph  3,  the  code  points  out  that  to 
the  spring  in  the  indicator  to  which  it  belongs  is  the  best  way 
correct  for  inaccuracies  in  the  pencil  mechanism.     WTiile  in 
indicators  are  subject  to  more  or  less  jar,  which  serves  to  redi 
the  effects  of  piston  friction,  and  it  is  consequently  advocated 
slightly  jar  the  indicator  when  on  the  testing  stand  just 
drawing  the  line  for  any  given  pressure  interval. 

The  second  calibration  advocated  under  paragraph  4  may 
avoided  by  calibrating  cold  and  then  using  a  temperature  coi 
tion  factor.    For  accurate  work,  however,  this  method  can  ban! 
be  recommended  because  the  factor  is  by  no  means  a  constant  t 
all  springs.    The  formula  that  may  be  used  for  this  computation 

*  See  Zeitschrift  des  Vereins  Deutscher  Ingenieure  under  that  date. 
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Fig.  417.  —  MoBco  or  Fisr^rv^;  Cc^lukt  Mean  KrrwrAV  >^iiv>5v;  x^ 


Another  method  of  correction  k  to  cx^mj^lctt^ly  TwJrANx  !V.o  ^.'snas^, 
diagram  chosen  iiom  the  lot  and  fn>m  this  doicnv/*nc  ;ho  5^s\^Jvr 
average  M.E.P. 

To  redraw  the  diagram,  eictend  atmosphork^  line  v>\<.  4K<\  io 
left,  and  along  OA  lay  off  the  successive  jx^iu  H  mwvls  lUMn  jhc 
table,  p.  610.  Along  OB  lay  off  the  inten*;ils  on  I  ho  iisMunpi  k\n  \\\<\\ 
the  spring  is  a  correct  ioo-{x>und  spring.  IVtormino  0\o  line  iW 
Then  for  any  point  on  the  diagram  whose  ordinato  is  .\\  wr  *  ;U\ 
find,  as  sho^Ti,  the  corrected  ordinate  A\,  \vhiel\  determinoN  one 
point,  Z>,  on  the  redrawn  diagram.  This  same  o|vnilion  !\ni>i  U^ 
repeated  imtil  a  suflScient  number  of  jx)ints  have  U^it  foiuul  lo 
locate  a  new  diagram  accurately.  From  this  the  eorn^l  wwaw 
M.E.P.  is  then  foimd  in  the  usual  wav. 

It  should  be  pointed  out  with  respect  to  lH>th  of  the  eonvetion 
methods  above  explained,  that  the  work  must  In?  very  euivfully 
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f  each  strip  determine  the  mean  ordinate  in  the  usual  way  by 
mimeter  and  find  the  M.E.P.  corresponding  by  multiplying  by 
•spring  scale  belonging  to  the  particular  pressure  interval.  Thus, 
■  (lie  partial  area  III,  for  which  the  pressure  interval  is  Irom  105 
m  pounds,  the  scale  of  the  spring  b,  from  the  table,  equal  to 
1.1  pounds.  Finally,  the  total  mean  ordinate  of  the  diagram  is 
:  sum  of  the  partial  mean  ordisates  of  the  various  strips,  and 
1  total  mean  ordinate  divided  by  the  mean  ordinate  obtained  on 
assumpdon  that  the  spring  is  correct,  will  give  the  correction 
tor  to  be  applied  to  all  of  the  other  diagrams. 


Fu.  417- — Method  or  Finding  Couect  Mean  Effective  Pbesscse. 


udier  method  of  correction  is  to  completely  redraw  the  mean 
ram  chosen  from  the  lot  and  from  this  determine  the  proper 
ige  M.E.P. 

I  redraw  the  diagram,  extend  atmospheric  line  (Fig.  41S),  to 
and  along  OA  lay  off  the  successive  pencil  travels  from  the 
,p.  610.  Along  OB  lay  off  the  intervals  on  the  assumption  that 
[ning  is  a  correct  100-pound  spring.    Determine  the  line  OC. 

for  any  point  on  the  diagram  whose  ordinate  is  Xi  we  can 
as  shown,  the  corrected  ordinate  X^,  which  determines  one 

D,  on  the  redrawn  diagram.  This  same  operation  must  be 
ed  until  a  sufficient  number  of  points  have  been  found  to 

a  new  diagram  accurately.  From  thb  the  correct  mean 
•.  is  then  foimd  in  the  usual  way. 

bouid  be  pointed  out  with  respect  to  both  of  the  correction 
Is  above  explained,  that  the  work  must  be  verj-  carefully 
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done  or  else  it  is  worse  than  useless.    It  would  seem  that  the 
method  is  open  to  greater  objection  on  this  score  than  the  &isi 


Fm.  418.-— Method  of  Findinq  Cobsect  Mean  Effechve  Pusstnz, 

332.  Other  Errors  in  Indicators  asd  Methods  of  Detensimae  Tt 
Magnitude. — Inertia  Effects  Due  to  Piston  and  Pencil  Molions.— 
In  theory,  the  pressure  exerted  by  the  spring  should  at  all  itt- 
stants  balance  the  pressure  exerted  by  the  working  fluid  on  ^ 
piston.  In  practice,  this  may  or  may  not  be  the  case,  because  cJ 
the  inertia  of  the  indicator-piston  and  of  the  pencil  mechanism. 


Pig.  419. 
Suppose  that  the  pressure  of  the  working  medium  has  beait 
stant  for  some  litUe  time  and  tliat  it  then  steadily  dec 
ing  to  the  law  of  the  line  abc.  Fig,  419. 
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The  pencil  has  followed  the  line  ab,  fluid  pressure  and  spring 
force  balancing.  Now,  however,  the  pencil  refuses  to  foUow  be, 
because  a  certain  drop  in  pressure  is  necessary  to  overcome  the 
piston  inertia,  even  if  we  assume  that  the  indicator  is  without 
friction.  Hence  the  pencil  draws  line  b  V  until  the  pressiure  differ- 
ence is  some  value  AP.  The  piston  now  commences  to  move 
downward,  but,  although  at  d  the  piston  may  drop  as  fast  as  the 
pressure,  at  that  point  the  pressure  difference  is  greater  than  AP,  and 
hence  the  piston  receives  an  acceleration  downward.  At  e  the 
forces  apparently  again  balance,  but  owing  to  its  momentum  the 


Fig.  420.  —  Diagram  Showing  Inertia  Effects. 


indicator-piston  then  overshoots  the  mark,  repeating  the  same 
thing  below  the  actual  pressure  line  along  efg. 

Friction  of  the  piston,  not  excessive  but  ordinary,  modifies  this 
action  in  that  it  acts  as  a  dampener,  and  in  most  cases  soon  reduces 
the  vibrations  to  zero. 

This  action  may  often  be  observed  in  indicating  a  gas  engine, 
because  the  range  of  pressure  is  high  and  the  pressures  rise  and 
fall  with  great  rapidity  (see  Fig.  420).  A  change  to  a  stiffer  spring 
is  sometimes  of  benefit  in  toning  down  the  amplitude  of  these  vibra- 
tions, but  unless  these  are  excessive,  their  occurrence  should  rather 
be  taken  as  a  sign  of  a  free  working  instrument. 
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Effect  of  Excessive  Friction  or  Sticking  of  Piston^  m  S^ 
the  Pencil  Mechanism.  — The  effects  piodnced  by  aome- 
faults  are  in  some  cases  very  similar  to  inertia  effects,  lad 


Fig.  421.  —  DiAGRAic  Showing  Excessive  Piston  Friction. 

may  sometimes  be  confused.    Thus,  the  waves  in  the  ex 
line  of  the  diagram  in  Fig.  421  were  most  likely  due  to  stic 


Fig.  422.  —  Effect  of  Excessive  Pencil  Fsiction. 
Normal  Diagraic  is  Full  Line. 

the  indicator-piston  rather  than  due  to  inertia,  especkS 
there  is  no  such  effect  noticeable  at  the  be^nning  of  ad 
at  a.    To  help  distinguish  between  the  two  effects,  it  may 
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that  excessive  frictioii  or  sticking  of  an  indicator-piston  sometimes 
affects  the  compressicm  as  well  as  the  expansion  line,  while  inertia 
effects  only  larelv  show  in  the  compression  line.  Further^  inertia 
effects  should  be  nearly  harmonic  vibrations,  and  if  the  wavy  lines 
are  redrawn  to  abscissas  representing  equal  inter\'als  of  time,  the 
cur\'e  obtained  should  be  of  the  nature  of  a  sine  cur\^.* 

Effect  of  Excessive  Pencil  Friciicn.  —  Pressing  the  pencil  100 
strongly  against  the  paper 'gi>*es  a  fault}*  diagram,  the  main  effect 
being  to  make  all  e^'ents  late,  (see  Fig.  422). 

Effect  of  Drum  Striking  the  Stops.  —  This  occurs  usually  at 
the  inner  stop,  when  the  stririg  is  too  long;  too  short  a  string  may 


Fig.  423.  —  Effect  of  Drum  Striking  the  Stops. 


simply  pull  in  two.  The  effect  is  to  cut  a  piece  off  the  end  of  the 
card,  as  shown  by  the  shaded  areas  in  Figs.  423  and  424.  In  some 
cases  this  effect  may  be  hardly  noticeable  and  may  escape  observa- 
tion. It  is  best  in  every  case,  after  an  indicator  has  been  applied 
and  set  in  motion,  to  put  one  finger  lighdy  on  the  top  of  the  drum, 
when  any  striking  of  the  drum  will  at  once  manifest  itself  by  a 
distinct  jar. 

Test  for  Parallelism  of  the  PencU-mcu'ement  with  respect  to  the 
Axis  of  the  Drum.  —  Parallelism  between  movement  of  pencil  and 
axis  of  drum  may  be  tested  for  by  removing  the  spring  from  the 
indicator,  rotating  the  drum,  and  drawing  a  horizontal  line;  then 
holding  the  drum  stationary  in  various  positions  press  the  piston 

*  See  article  by  Thomas  Hall,  Power ,  August,  1906, 
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simple  matter.  It  depends  upon  the  speed  of  rotation^  the  mass  of 
the  rotary  parts,  the  initial  drum-spring  tension,  the  weight  and 
stretch  of  the  connecting  cord,  and  the  friction  of  the  mechanism- 
The  initial  spring  tension  must  of  course  be  such  that  on  the  return 
stroke  the  spring  can  accelerate  the  drum  at  least  as  fast  as  the 
engine  piston  returns.  Otherwise  the  string  will  at  some  part  of 
the  travel  become  slack,  which  leads  to  non-permissible  errors. 

Concerning  the  stretch  of  the  cord,  care  should  of  course  be 
taken  either  to  use  connections  as  short  as  possible,  or  to  use  a 
material,  like  very  fine  piano  wire,  which  will  not  stretch.  The 
objection  to  such  materials  in  general  is  their  excessive  weight 
If  the  length  of  the  cord,  or  its  quality  with  regard  to  stretch,  is 
such  that  the  error  is  not  serious,  and  if  the  tension  on  the  cord 
does  not  vary  a  great  deal,  it  can  further  be  shown  that  the  action 
of  the  deformation  existing  is  such  as  not  to  disturb  the  propor- 
tionality between  the  motion  of  the  piston  and  that  of  the  drum, 
except  for  the  action  of  friction  that  may  exist.  Hence  in  many 
cases  the  effect  of  the  error  introduced  by  stretch  of  cord  becomes 
negligible. 

It  must  be  evident  that  a  mathematical  determination  of  proper 
drum-spring  tension  becomes  practically  useless  on  account  of  factors 
in  the  problem  which  are  peculiar  to  each  individual  case.  It  is 
better,  therefore,  where  it  becomes  necessarj-  to  know  something 
about  the  error  introduced  in  the  diagram  by  inertia  of  mo\'ing  parts 
and  by  varying  tension  in  the  cord,  to  rely  upon  actual  tests. 

The  total  error  introduced  by  inertia  can  be  determined  as  fol- 
lows: Attaching  the  indicator  to  an  engine,  permit  it  to  run  suffi- 
ciently long  to  harden  the  cord  and  the  knots,  then  stop  the  engine, 
turn  it  over  by  hand,  and  find  the  length  of  the  diagram  with  the 
speed  so  small  as  to  eliminate  the  inertia;  leaving  the  cords  connected, 
run  the  engine  at  full  speed :  any  inertia  efifect  will  be  shown  by  an 
increase  in  the  length  of  the  diagram.  This  increase  in  length 
may  be  due  partly  to  stretch  in  the  indicator-cord  caused  by  inertia 
of  the  rotating  parts,  and  even  with  the  best  tension  on  the  springs 
it  may  be  sensibly  lessened  by  the  use  of  wire.  A  simple  arrange- 
ment, consisting  of  a  pin  and  connecting-rod  leading  to  the  face- 
plate of  a  lathe,  the  tool-rest  being  utilized  as  a  guide,  may  be  used 
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horizontally  rather  than  to  use  an  elbow  or  bend.  Care  must  be 
taken  to  see  that  the  connections  used  are  sufficiendy  rigid  to  pre- 
vent oscillatory  motions  of  the  instrument  imder  the  acdon  of  the 
rapidly  changing  forces  brought  into  play.  Such  motion  would 
of  course  vary  the  relative  position  of  the  indicator  and  engine 
crosshead  and  would  correspond  to  the  use  of  a  string  of  varying 
length. 

Errors  of  such  magnitude  as  to  cause  an  error  of  fi\'e  per  cent 
in  the  area  of  the  diagram  are  easily  introduced  by  improper  con- 
nections^ and  tests  have  shown  that  by  sharp  bends,  long  pipes, 


BS^^^^r^'^^^^'^^^V.^s; :  !!^^ 


Figs.  427  &  428.  —  Three-way  Cock  for  Indicator  Connections. 


and  restrictions  of  bore,  errors  of  as  much  as  twenty  per  cent  can 
be  introduced. 

334.  Reducing -motions  for  Indicators.  —  The  maximum  motion 
of  the  indicator-drum  is  usually  less  than  four  inches;  consequentiy 
it  can  seldom  be  connected  directly  to  the  crosshead  or  other  re- 
ciprocating part  of  the  engine,  but  must  be  connected  to  some 
apparatus  which  has  a  motion  less  in  amplitude  but  corresponding 
exacdy  in  all  its  phases  to  that  of  the  engine  piston.  This  appa- 
ratus is  termed  a  reducing-motion.  Since  the  horizontal  components 
of  the  indicator-diagram,  and  consequentiy  its  area  and  form,  de- 
pend upon  the  motion  of  the  piston,  it  is  evident  that  the  accuracy 
of  the  diagram  depends  upon  the  accuracy  of  the  reducing-motion. 
Various  combinations  of  levers  and  pulle)rs  have  been  used  for 
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reducing-motions,  a  few  of  which  will  be  described.  Several  suqb 
forms  of  reducing-modon  axe  given  here  as  suggestions,  but  ft  III 
expected  that  the  student  will  devise  other  motions  if  requindki 
and  ascertain  the  amoimt  of  error,  if  any,  in  the  motion  used 

There  are  two  main  types  of  reducing-motions  to  be  considendi 
—  peiululums  (including  pantographs)  and  reducing  wheds. 

In  the  case  of  pendulum  reducing-motions,  it  is  of  special  im- 
portance to  see  that  the  angle  made  by  the  cord  as  it  passes  ow 
the  indicator  guide  pulley  at  one  end  and  as  it  leaves  its  point  of 
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Fig.  429. 


fastening  at  the  reducing-motion  at  the  other  end,  does  not 
its  magnitude  during  the  entire  range  of  motion.     Just  what 
means  is  perhaps  best  illustrated  by  a  diagram.  Fig.  429. 

Here  A-B  represents  the  line  of  travel  of  any  reciprocating 
of  the  engine  which  travels  in  imison  with  the  piston.  To  It 
cord  directly  from  a  pin  D  on  the  pendulum  to  the  pulley  Con 
indicator  would  give  an  incorrect  motion  because  the  angle 
from  D  C  &  at  midstroke  to  D'  C  C"  at  one  end  and  to  IV' C 
at  the  other  end  of  the  stroke.  It  must  be  obvious  that  the  pi 
travels  a  much  greater  distance  while  the  piston  moves  from  Ctc 
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than  when  it  moves  from  .4  lo  C.  The  conditions  aie  purposdv 
exaggerated  to  make  this  dear.  To  minimize  the  enor  in  Uus 
construction  the  string  should  lead  on  in  the  direction  D  />**'  and 
a  guide  pulley  should  be  }daced  soniewheie  along  this  line  as  Ur 
from  D  as  possible. 

The  correct  remedy  for  the  trouble  oudined  in  Fig.  420  is  to  use  a 
sector  grooved  on  the  edge,  which  must  be  fastened  to  the  le\^r  so  as 
to  have  its  center  of  rotation  at  the  le\'er  pi>T)t.  and  the  an:  must  be 
of  such  length  that  at  all  times  the  cord  will  be  tangential  to  the 
sector.  Fig.  430  shows  conventional  sketches  of  pendulum  motions 
with  the  sector  in  three  different  positions.     Sometimes,  instead  of 
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Fig.  430. 


the  sector  a  circular  disk  is  used,  which  mav  either  be  turned  to 
any  position  and  fastened  with  a  lock  nut,  or  which  may  l)e  so 
made  that  the  cord  mav  be  fastened  at  anv  one  of  a  number  of 
points  around  the  circumference. 

Concerning  the  rest  of  the  construction  of  pendulum  motions,  the 
lower  end  of  the  lever  may  be  fastened  to  the  operating  pin  by  an 
intermediate  link,  as  is  indicated  in  Fig.  431,  or  the  lower  end 
may  be  slotted,  as  shown  in  Fig.  432.  In  the  latter  ty|>c  the  stand- 
ard supporting  the  lever-pivot  must  be  moimted  exactly  over  the 
middle  of  the  travel  of  the  pin  working  in  the  slot.  The  former 
type  has  the  advantage  in  that  it  can  be  mounted  to  one  side  of 
the  center  of  travel,  and  hence  in  the  case  of  long-stroke  engines 
this  type  allows  the  use  of  shorter  cords.    In  this  case,  the  follow- 
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ing  precautions  should,  however,  be  observed.     The  link  I'-i  (see 
Fig,  433)  must  be  of  such  a  length  that  the  lever  1-6  hangs  vertical 


I 


o 


'::wa 


Fig.  431. — Pendulum  Reducing  Motion  with  Inteshediate  Link. 

when  the  piston  is  at  the  middle  of  the  stroke.     Further,  the  length 
of  lever  1-6  should  be  such  that,  in  connection  with  the  length  of 


^: ::: 


m3!^ 


Fig.  433. — Pendulum  Reducing  Motion  with  Slotted  Main  Lsvxs. 

link  i-i',  the  travel  on  both  sides  of  the  line  1-6  shall  be  equal, 
that  is,  the  distance  1-2  should  equal  distance  1-3.    If  this  is  not 
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xiinsLtely  observed,  large  errors  may  result  Thus,  in  case  of 
lort  a  lever  i''-6,  the  respective  travels  are  i''-2"  and  i"-i'\ 
diflfer  in  length  by  the  distance  3 "-4",  the  former  being  the 
Or,  in  case  of  too  long  a  lever,  i'"-6,  the  travels  are  \'"-2'" 
'"—3"'^,  differing  by  the  distances  ^'"-i"\  in  this  case  the  latter 
the  longer. 


21^^' 


M- 


Fio.  433. 


n  no  case,  however,  will  these  motions  give  absolutely  correct 
ults,  although  if  the  precautions  mentioned  are  observed  the 
Xffs  can  be  made  very  small.  Loose  joints  and  lost  motion 
ould  be  carefully  avoided.  In  general,  the  longer  the  vertical 
»w,  the  more  accurate  the  results.  For  very  close  work,  the 
Rgdi  L,  distance  1-6,  in  Fig.  433,  may  be  made  equal  to  twice  the 
^th  of  die  engine  stroke;  an  ordinary  ratio  is  i^  times  the  length 
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he  other  in  that  it  may  be  applied  to  any  free  length  of  shaft 
eccentric  proper  is  made  in  two  halves. 


Fio.  4j6.  — Reducing  Motion  Eccentric  Drive. 
The  PoHtograph.  — One  form  of  this  instrument,  which  is  somc- 
nes  called  "lazy  tongs,"  is  shown  in  Fig.  437.     It  consists  of  a 
ries  of  single  levers  B  and  double  levers  A,  joined  as  shown. 
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The  joints  must  be  accurate  and  without  lost  motion^  o1 
the  instrument  may  be  worse  than  useless.    The  hitch-strip  G 

fastened  as  shown  and  must 
in  all  positions  parallel  to 
levers  B.   Its  distance  fiom 
fixed  point  D  depends  upoO' 
length  of  card  desired, 
hitch-pin  F  must  be  placed  ■ 
one  of  the  holes  in  the  hitcb-j 
strip  G  so  that  it  shall  be 
a  line  joining  the  fixed  point, 
to  the  moving  point  C. 
wise  the  motion  of  F  will 
be  parallel  to  the  motion  of  C  and  the  piston  travel  will  not 
correctly  reduced.    The  pantograph  may  be  used  horizontally, 
cally,  or  in  an  inclined  position.    The  point  C  is  fastened  to 
reciprocating  part  of  the  engine  which  reproduces  the  motioii 
the  piston,  while  the  point  D  is  rigidly  fixed  in  a  stationaiy 
port    As  for  the  rest,  carry  out  the  following  directions: 


Fig.  437.  —  Pantograph  REDUcmo 
Motion. 


Fig.  438.— Pantograph  Applied  in  Horizontal  Position. 

1.  Place  the  stationary  support  so  that  a  line  drawn  toift 
to  C  will  be  perpendicular  to  the  line  of  travel  of  the  mcfflb* 
which  C  is  fastened  when  that  member  is  at  the  middle  of  its 

2.  Move  the  stationary  support  in  or  out  so  that  the  pant 
is  neither  too  far  extended  when  at  the  ends  of  the  stroke  vff^ 
nearly  closed  when  at  the  middle.     It  is  important  to  see 
pantograph  works  freely  and  is  not  boimd  in  any  way  by  themO 
of  attaching  it. 


:  ENGINE  INDICATOR 


629 


Fasten  the  hitch-strip  according  to  the  length  of  card  desired 
x:ate  the  hitch-pin  in  a  line  from  C  to  D. 
See  that  the  indicator-cord  leaves  the  hitch-pin  in  a  line  par- 
n  the  crosshead  travel.     If  this  cannot  be  done  when  leading 
iy  to  the  indicator,  guide  pulleys  must  be  used. 


Fto.  4J9.— Pantogkaph  Applied  to  Locomotive. 


Fig.  438  shows  the  application  of  a  pantograph  of  this  type  in  a 
lizontal  position  to  a  horizontal  engine.    Numerous  modihca- 


F^  440. — Modified  Fokm  of  Pantogkapu. 


>IU  of  die  pantograph  have  been  devised  and  used.  One  of 
Me  is  shown  in  Fig.  439,*  as  applied  to  a  locomotive.  The  rod  P 
ds  to  the  indicator.    Another  is  shown  in  Fig.  440,  apjilicd  lo  a 

*  P.  H.  Roaenkniu.  Der  Indikator,  p.  199. 
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horizontal  engine.    Note  the  use  of  guide  pulleys  to  pre 
change  of  angles  in  the  strings  during  operation. 

335.  Reducing  Wheels.  —  These  instruments  in  neariy 
consist  of  one  large  and  one  small  cord  drum.  Tlie  dii 
the  latter  can  usually  be  changed  by  slipping  sleeves  00  0 
center  arbor.  In  this  way  one  wheel  may  be  used  00 
having  widely  var>'ing  strokes.    The  action  of  these  iriied 


Fig.  44'-  —  Reducing  Wbsel. 

haps  best  explaint-d  by  means  of  Figs.  441  and  442,  whid» 
very  simple  form  of  reducing  wheel.  The  lever  carried 
crosshcad  unwinds  the  cord  from  the  large  drum  on  t 
stroke,  at  the  same  time  winding  the  cord  from  the  indicator 
the  small  drum.  On  the  return  stroke,  the  strings  arc  b 
either  by  the  drum-spring  of  the  indicator,  or,  what  is  mor 
by  a  sprmg  included  in  the  construction  of  the  wheel. 

Other  types  of  reducing  wheels  are  direcdy  connected  to 
"llcator,  as  the  Crosby,  Fig.  443,  and  the  American  Ideal,! 


^Bt  XKGESL  JSTrt.'.Vrgl. 


Fic.  443.  — CiosBY  IxwcATOR  wirB  Rfpimw.  Wnrn, 
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In  each  case  the  string  from  the  large  pulley  leads  to  die  am'- 
head  or  other  reciprocatii^  part  Fig.  445  shows  still  asothtr^; 
the  Houghtaling,  as  applied  to  die  Tabor  indicator. 

336.  The  lodicator-cord  and  Ibtbods  td  Connecting  up.— Tk 
iQdicator-cord  should  be  as  nearly  as  possible  inextensiUe, 
any  stretch  of  the  cord  causes  a  corresponding  error  in  the  motiia 


Fig.  444.  —  Thohpsok  Indicator  with  Amxricak  Ideal  Rzducing  Who.  I 


of  the  indicator-drum.     As  it  is  nearly  impossible  to  secure  a  a 
that  will  not  stretch,  it  should  be  made  as  short  as  possible,  ii 
fine  wire  of  steel  or  iron  or  of  bard-drawn  brass  should  be  1 
if  practicable.     The  indicator-cord  supplied  by  makers  of  ii 
tors  is  a  braided  hard  cotton  cord,  stretching  but  little  unfe' 
required  stress. 

It  pays   in   many   cases   to   stretch   the  cord    before  umig 
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[ng  a  weight  on  a  suspended  length  of  it  and  leaving  the  cord 
r  tension  for  10  or  12  hours. 

e  means  for  connecting  the  indicator-cord  to  the  reducing 
in,  or  the  cord  from  the  reducing  motion  to  the  moving  engine 
ber,  should  be  chosen   particularly  with   reference   to  speed 


Fwj.  445- — Tabos  Indicator  with  Hocghtalinc  Reducing  Geab. 


itions  encountered.  Where  the  reducing  motion  is  such  that 
ection  can  be  made  on  either  side,  it  is  generally  best  to  con- 
on  the  side  having  the  shortest  stroke,  that  is,  on  the  indicator 
and  for  obvious  reasons.  Generally  a  simple  loop  in  the 
into  which  a  wire  hook  may  be  caught  serves  the  purpose. 
idjust  the  length  of  the  cord,  an  operation  that  may  ha^■e  lo 
sne  tbxoi^  more  than  once  if  the  cord  is  long  and  has  not 
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been  previously  stretched,  a  small  plate  with  three  holes,  used  s 
shown  in  Fig.  446,  comes  in  very  handy.  Other  means  for  maki| 
quick  adjustments  of  length  are  shown  hi  Fig.  447.*  The  mk 
objection  to  such  schemes  is  that  they  may  be  so  heavy  as  to  pal 
the  cord  out  of  line. 


Fig.  446.  —  Adjusting  Plate  for  Indicator  Cord. 

With  increase  of  speed  the  troubles  of  taking  indicator-cinb, 
also  increase,  and  this  is  especially  true  of  connecting  up.  Tm\ 
simplest  way  out  of  the  latter  trouble  is  to  leave  the  indicator 
nected  up  after  the  test  is  started.  That  means,  however,  tbat 
indicator-drum  must  be  fitted  with  some  kind  of  deienl  motum  wA 
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Fig.  447. — Means  for  Adjusting  Length  of  Indicator-coid. 

order  to  allow  of  replacing  the  cards.    There  are  several  typeit 
such  motions,  and  nearly  every  manufacturer  will  fit  his  iodil 
with  one  uix)n  request.     One  of  the  earliest  forms  consisted 
furnishing  the  drum  with  a  ratchet  near  the  bottom  into  Yfbk 

*  From  Rosenkrang,  Der  Indikator. 
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,,ro./r  rrjr'f'rrj'S,'-  H.rA  rlof/^  not  hit  the  -top^. 

-.  P'lf  inr-  ^i^-^-r  on  the  rlnjm:  turn  on  -team,  allow  it  to  blow 
^i.roM</h  ?Ko  f-li'-f  "r.rjf-  in  the  >ir!e  of  the  cock:  then  admit  steam  to 
thf  inrlicator-rylin^Icr,  clf>se  the  indicator-cock,  start  the  drum  in 
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motioiiy  and  draw  die  atmospheric  line  with  aigine  and  drum  in 
motkm;  open  die  cock,  press  die  pencil  li^dy,  and  take  die  dia- 
gram; ck>se  die  cock  and  draw  a  second  atmospheric  line.  Do 
not  try  to  obtain  a  heavy  diagram,  as  all  i»essure  <hi  the  caxd 
increases  the  indicator  friction  and  causes  more  or  less  error.  Take 
as  Ugkl  a  card  as  can  be  seen;  brass  point  and  metallic  paper  are 
to  be  used  when  especially  fine  diagrams  are  required. 

When  the  load  is  varying,  and  die  airrage  horse  power  is  re- 
quired, it  is  better  to  allow  the  pencil  to  remain  during  a  number  of 
revolutions,  and  to  take  die  mean  effectii-e  pressure  from  die  several 
diagrams  drawn. 

Remove  card  after  diagram  has  been  taken,  and  on  the  back  of 
card  make  note  of  die  following  particulars,  as  far  as  conveniendy 
obtainable: 

No R.pjn 

Time Scale  of  Spring 

Date Pressures: 

Make  of  Eogine At  Boiler 

Bmlt  by At  Throttle 

Diam.  of  CyL Vacuum 

Length  of  Strdce Remarks 

6.  After  a  sufficient  number  of  diagrams  has  been  takeUy  remove 
the  piston,  spring,  etc.,  from  the  indicator  while  it  is  still  upon  the 
cylinder;  allow  the  steam  to  blow  for  a  moment  through  the  indi- 
cator-cylinder, and  then  turn  attention  to  the  piston,  spring,  and 
all  movable  parts,  which  must  be  thoroughly  wiped,  oiled,  and 
cleaned.  Particular  attention  should  be  paid  to  the  springs,  as 
their  accuracy  will  be  impaired  if  they  are  allowed  to  rust;  and 
great  care  should  be  exercised  that  no  gritt>'  substance  be  intro- 
duced to  cut  the  cylinder  or  mar  the  piston.  Be  careful  never  to 
bend  the  steel  bars  or  rods. 

The  above  directions  apply  in  general  also  to  all  types  of  engines. 

340.  The  Optical  Indicator.  —  Many  attempts  have  been  made 
to  modify  the  piston  indicator  in  such  a  way  as  to  overcome  the 
difficulties  arising  from  inertia  eflfects,  particularly  for  high-speed 
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resistance  of  a  spring  by  the  pressure  from  the  engine  cylinder 
acting  through  a  pipe  T  upon  a  diaphragm  directly  back  of  the 


mirror. 


The  mirror  is  illuminated  by  li^t  from  a  lamp  at  G^  which  is 
reflected  by  the  prism  shown  at  H.  The  indicator-diagram  is 
traced  on  the  screen  D  by  the  ray  of  light,  and  may  be  photographed 
by  the  use  of  a  sensitive  plate.  This  apparatus  has  been  success- 
fully used  to  take  indicator-diagrams  of  gas  engines  when  moving 
at  the  rate  of  2000  revolutions  per  minute. 

In  its  original  form  this  indicator  was  a  very  inaccurate  instni- 
menty  principally  because  of  the  method  of  connecting  the  dia- 
phragm chamber  to  the  engine  cylinder  and  because  of  the  method 


Fig.  450.  —  Manograph  Section. 


of  imparting  the  motions  supposed  to  be  proportional  to  that  of 
the  piston. 

The  pressure  was  transmitted  by  means  of  a  long  copper  pipe 
of  very  small  bore,  and  the  pressure  actually  existing  in  the  dia- 
phragm chamber  might  have  been  anything  less  than  that  in  the 
cylinder  of  the  engine.  In  recent  work  it  has  become  the  custom 
to  fasten  the  camera  box  and  with  it  the  diaphragm  chamber 
directly  to  the  indicator  connection  on  the  engine  cylinder. 

The  motion  transmitted  to  the  mirror  as  proportional  and  in 
phase  with  that  of  the  engine  was  carried  by  a  long  flexible  shaft, 
and  it  was  impossible  to  tell  whether  the  proper  phase  relation 
existed  or  not.  If  set  correctly  with  everything  at  rest  it  certainly 
was  not  correct  when  in  motion  at  high  speed.  This  difficulty 
is  now  generally  overcome,  in  as  far  as  that  is  possible,  by  the  use 
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of  positive  linkages  or  similar  connections,  so  arruiged  that  the 
proper  phase  can  be  very  nearly  maintained. 

The  indicator  labors  under  the  further  disadvantage,  common  to 
all  diaphragm  instruments,  that  the  deflections  become  smaller  for 
equal  increments  of  pressure  the  higher  that  pressure.  This  makes 
it  a  diflocult  matter  to  correctly  evaluate  the  area  of  the  diagram, 


HoPMNSos  Optical  Indicator. 


though  of  course  it  does  not  im])dir  ihe  usefulness  of  the  mstni- 
ment  as  a  means  of  mdicating  the  correct  or  mcorrect  settmg  of 
the  valves. 

The  Hopkinson  Optical  Indicator  was  designed  later  than  most 

of  the  others  at  present  in  use,  and  aflcr  the  designer  had  become 

familiar  with  the  difficulties  met  with  in  the  use  of  the  type  last 

described.     It  is  shown  in  Figs.  451  and  452.* 

•  Power,  Jan,  19,  1909. 
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It  is  a  pislxm  type  of  indicator  in  a  wav,  but  as  the  extreme  motion 
of  the  piston  F  is  <miv  q^  of  an  inch  the  inertia  effects  are  practi- 
cally n^jligiUe.  The  motion  of  die  piston  is  resisted  by  die  flat 
spring  D^  and  die  deflection  of  die  spring  is  transmitted  to  a  small 
mirror  by  die  flexiUe  link  K,  This  mirror  rocks  on  the  horizontal 
axle  /  by  an  amowit  proportional  to  the  deflection  of  the  spring. 
The  whole  upper  part  of  the  indicator  is  rotated  about  the  \^enical 
axis  of  the  instrument  to  obtain  the  motion  of  the  mirror  which  is 
to  be  proportional  to  that  of  the  piston.  As  the  necessax}'  rotation 
of  this  head  is  but  ^\  degrees  for  a  two-inch  card,  the  inertia 
effects  are  again  ver}'  smalL 

The  instrument  is  fastened  direcdy  to  the  engine  cylinder,  as  is 
the  ordinary  form  of  indicator,  thus  doing  ai^-ay  with  long  restricted 
pipes,  and  it  is  positi\-ely  driven  by  N'arious  forms  of  reducing 
motion,  adapted  to  the  high  speeds  for  which  the  indicator  is 
intended. 

By  means  of  two  springs  of  different  strengths,  and  of  three 
pistons  of  different  areas,  a  ver)'  wide  range  of  pressures  can  be 
covered  with  one  instrument 

As  in  other  forms  of  optical  indicator,  the  diagram  may  be  thrown 
upon  a  plate  of  ground  glass  for  purposes  of  obser\aiion  only,  or 
may  be  photographed  for  record.  The  optical  arrangements  are 
such  that  the  spot  of  light  tracing  the  diagram  can  be  focused  to  a 
very  small  point,  thus  preventing  the  blurring  of  the  photographed 
lines,  a  fault  which  is  verj'  common  in  some  of  the  other  types  of 
optical  indicator. 


CHAPTER  XVI. 

THE  IHDICATOR-DIAORAM. 

I.  Steam-Engine  Diagrams. 

341.  Definitions.  —  The  method  of  obtaining  diagrams  by: 
of  the  engine  indicator  has  already  been  explained  in  the 
chapter. 

In  the  diagram  the  ordinates  correspond  to  the  pressuics 
square  inch  acting  on  the  piston,  the  absdsse  to  the  tzavd  of 


o—    - 


Fig.  453.  —  Diagram  from  Nok-condemsino  Steam  Engims. 

piston.    During  a  complete  revolution  of  a  steam  engine  oocorj 

phases  of  valve-motion  which  are  shown  on  the  indicator- 

viz.:  admission.  CDE,  Fig.  453,  when  the  valve  is  cfjpea  and 

steam  is  passing  into  the  cylinder;  expansion^  EP^  when  rf 

is  neither  admitted  nor  released  and  acts  by  its  eiqiansrve  fon 

move  the  piston;  exhaust,  FGH,  when  the  exhaust  port  is  opd 
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Any  of  these  pressures  may  be  measured  either  above  the  atmos- 
pheric line  or  above  the  vacuum  line.  In  the  former  case  they  are 
termed  "  gaiige  pressures,"  in  the  latter,  "  absolute  pressures." 

Mean  Effective  Pressure  (M.E.P.)  is  the  difference  between 
mean  forward  and  mean  back  pressure  during  a  forward  and  return 
itioke.  It  is  the  length  of  the  mean  ordinate  intercepted  between 
Ihe  top  and  bottom  lines  of  the  diagram  multiplied  by  the  scale 
of  the  diagram.  It  is  obtained  without  regard  to  atmospheric  or 
ncuum  lines. 

Raiio  of  Expansion  is  the  ratio  of  the  total  cylinder  volume  to 
ftc  total  volimie  at  cut-oflF.  In  computations  for  this  quantity  the 
yfkme  of  clearance  is  therefore  taken  into  account.  Ratio  of 
e!q)ansion  is  denoted  by  r.  (See  also  p.  748.) 

The  volumes  may  be  expressed  as  proportional  to  linear  feet, 
tith  an  additional  length  equal  to  the  per  cent  of  clearance,  since 
the  area  of  the  cylinder  is  constant. 

The  practice  of  engineers  seems  to  differ  with  regard  to  the 
i&ethod  of  determining  cut-off  and  the  ratio  of  expansion.  In  this 
coimection  see  the  discussion  on  the  analysis  of  indicator  diagrams 
in  Rule  XX  of  the  Steam  Engine  Testing  Code,  Chapter  XVIII. 
This  takes  up  the  cases  of  single  and  multicylinder,  condensing 
and  non-condensing  engines. 

Wire-drawing  is  the  fall  of  pressure  between  the  boiler  and  cylinder, 
indicated  by  the  difference  between  lines  JK  and  DE. 

342.  Measurements  from  the  Diagrams.  —  The  diagrams  taken 
W  on  a  small  scale;  they  are  often  irregular,  and  the  boundary 
lines  are  frequently  obscure,  so  that  the  measurement  must  be 
Jnade  with  great  care. 

The  diagrams  may  be  taken  from  each  end  of  the  cylinder  on 
•  separate  card,  as  shown  in  Fig.  453,  or  by  the  use  of  the  three- 
^y  cock  (see  Article  333),  in  which  case  the  two  diagrams  will 
le  drawn  on  the  same  card  as  shown  in  Fig.  454.  In  the  latter 
case  each  diagram  is  to  be  considered  separately;  that  is,  the  area 
ri  each  diagram,  as  CDEBFC  and  GHIJKG.  is  to  be  determined 
IS  though  on  a  separate  card.  The  object  of  diagram  measure- 
nents  is  principally  to  obtain  the  mean  effective  pressure  (M.E.P.) . 
Two  methods  are  practiced. 
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First,  the  method  of  ordinates.    In  this  case  the  length  d 
diagram  is  divideti  into  ten  equal  spaces,  and  ordinates  are 
from  the  center  of  each  space.    The  sum  of  the  length  of 
various  ordinates  divided  by  the  number  gives  the  mean  01 
This  multiplied  by  the  scale  of  the  incUcator  ^ring  gives  the 
effective  pressure.    The  sum  of  the  ordinates  is  ezpeditiously  tk 
tained  by  successively  transferring  the  l^igth  of  each  ordinate 
a  strip  of  paper  and  measuring  its  total  length. 

Secondly,  determination  of  area  by  means  of  the  flanimder.  life, 
method  gives  the  mean  ordinate  much  more  accurately  and  qmck^ 
than  the  method  of  ordinates.  The  various  planimeters  are  fii^ 
described,  pages  21  to  42. 


FlC.  454-  —  DiAGKAH  FROH  CONDKNSING  ENCIKE  ON  One  CUD. 


With  any  planimeter  the  area  of  the  diagram  can  be 
in  which  case  the  mean  ordinate  is  to  be  found  by  dividing  bf 
lenglh  of  the  diagram.  Several  of  the  planimeters  give  the  n 
of  the  mean  ordinate  directly. 

In  some  instances  the  indicator-diagram  has  a  loop,  as  in 
caused  by  expanding  below  the  back-pressure  line;  in  this  CM' 
ordinates  to  the  loop  are  negative  and  should  be  subtracted  & 
the  lengths  of  the  ordinates  above.  In  case  of  measuremest 
the  planimeter,  if  the  tracing-point  be  made  to  follow  the 
line  in  the  order  it  was  drawn  by  the  indicator-pencil,  the 
within  the  loop  will  be  circumscribed  by  a  reverse  moticm,  and'"' 
be  deducted  automatically  by  the  instrument,  so  that  the  nuf 
of  the  planimeter  will  be  the  result  sought.    Concerning  sals 


THE  INDICATOR-DIAGRAM  647 

springs,  by  which  the  mean  ordinate  is  multiplied  to  get  the  mean 
effective  pressure,  see  pages  60S  to  6t2,  Chapter  XV. 

343.  Indicated  Horse  Power.  —  Indicated  horse  power  is  the 
horse  power  computed  from  the  indicator-diagram,  being  obtained 
by  the  product  of  M.E.F.  (/>),  length  of  stroke  in  feet  (/),  area  of 
piston  in  square  inches  (a),  and  number  of  revolutions  (n),  as 
represented  in  the  formula  pl(m  -i-  33,000.  (See  also  Art.  317.) 
In  this  computation  the  area  on  the  crank  dde  of  the  piston  is  to 
be  corrected  for  area  of  piston-rod,  and  the  two  ends  of  the  cylin- 
ders computed  as  separate  engines.  Further,  in  this  computation 
it  will  not  in  general  answer  to  multiply  the  average  M.E.P.  of  a 
number  of  cards  by  the  length  of  stroke  and  by  the  average  of 
the  number  of  revolutions,  but  each  card  must  be  subjected  to  a 


Fig-  4SS- 


separate  computation  and  the  results  averaged.  This  can  be  readily 
done  for  each  engine  by  computing  a  table  made  up  of  the  products 
of  the  average  value  of  n  by  length  of  stroke  /  and  area  of  piston  a, 
and  for  different  values  of  M.E.P,  Take  from  this  table  the  values 
corresponding  to  the  given  M.E.P.,  and  increase  or  diminish  this 
as  required  by  the  per  cent  of  change  of  speed  from  the  average. 
A  very  convenient  table  for  this  purpose,  entitled  "Horse  Power 
per  Pound  Mean  Pressure,"  is  given  in  the  Appendix  to  this 
work,  arranged  with  reference  to  diameter  of  cylinder  in  inches 
and  piston-speed  in  feet  per  minute.  Piston-speed  in  feet  per  min- 
ute is  the  product  of  length  of  stroke  in  feet  by  revolutions  per 
minute  =  In. 

344.  Form  of  the  Indicator-diagram.  ~  The  form  of  the  indicator- 
diagram  has  been  carefully  worked  out  for  the  ideal  case  by  Rankine 


648  EXPERIMENTAL  ENGINEERING 

and  Cotterell.*    In  the  ideal  case  the  steam  works  in  a  n< 
ducting  cylinder,  and  all  loss  of  heat  is  due  to  transformation  i 
work,  the  expansion  in  such  a  case  being  adiabatic.    In  the 
case  the  problem  is  much  more  complicated,  since  a  large 
of  the  heat  is  utilized  in  heating  the  cylinder,  and  is  returned  ta 
steam  at  or  near  the  time  of  exhaust,  doing  little  work.     It  is  fc 
however,  in  the  best  engines  working  with  quick-acting  valvi 
that  the  steam  and  back-pressure  lines  are  straight  and 
to  the  atmospheric  line,  and  that  the  expansion  and  compresaorfj 
lines  are  very  nearly  h3rperbolaB,  asymptotic  to  the  clearance 
and  to  the  vacuum  line. 

If  we  denote  by  p  the  pressure  measured  from  the  vacuum  fia^j 
and  by :;  the  volume  corresponding  to  a  distance  measured  from 
clearance  line,  so  that  pv  shall  be  the  coordinates  of  any  point, 
shall  have  as  characteristic  of  the  hyperbola 

pv  =  constant.  (i) 

This  is  the  same  as  Boyle's  law  for  the  expansion  of  non-cao-j 
densible  gases,  since,  according  to  that  law,  the  pressure  varietj 
inversely  as  the  volume. 

Rankine  found  by  examination  of  a  great  many  actual  cases  thatj 
the  expression  p^^  =  constant  agrees  very  nearly  with  the 
case  of  adiabatic  (isentropic)  expansion.f    The  variation  fi«n 
ideal  expansion  line  in  any  given  case  may  be  considerable,  ui\ 
the  hjperbola  drawn  from  the  same  origin  is  considered  as  goodtj 
reference  line  as  any  that  can  conveniently  be  used.    The 
should  therefore  become  familiar  with  the  best  methods  of  ci 
structing  it. 

345.  Methods  of  Drawing  an  Hyperbola.  —  The  methods 
drawing  an  hyperbola,  the  clearance  and  vacuum  lines  bdng  gw<%j 
are  as  follows: 

First  Method,     (See  Fig.  456.)  —  CB,  the  clearance  line,  andCJ 
the  vacuum  line,  being  given,  draw  a  line  parallel  to  the  at 
line  through  5;  find  by  producing  expansion  line  the  point  d 

*  Steam  Engine,  by  James  H.  Cotterell. 

t  For  more  detailed  information  see  under  "  Adiabatic  (laentroplc)  Chaip  > 
Steam ''  in  Chapter  XI. 
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off,  c.  Draw  a  series  of  radiating  lines  from  the  point  C  to  the 
points  E,  P,  G,  H,  and  A,  taken  at  random,  and  a  iine  cb  inter- 
secting these  lines,  drawn  from  c  parallel  to  BC.  From  the  pcnnts 
of  the  intersection  of  cb  with  these  radiating  lines  draw  horizontal 
lines  to  meet  vertical  lines  drawn  from  the  points  E.  F,  G,  B,  and 
A ;  the  intersections  of  these  lines  at  e,  /,  g,  k,  and  a  are  points  in 
the  hyperbola  passing  through  the  point  c.  If  it  is  dedred  to  pro- 
duce the  hyperbola  from  a  upward,  the  same  method  is  used,  but 


Fic.  456. — Method 


the  line  AB  is  drawn  through  the  point  a,  and  the  vertical  lines  are 
extended  above  AB  instead  of  below. 

Second  Method.  (See  Fig.  457.)  — The  hyperbola  may  be  drawn 
by  a  method  founded  on  the  principle  that  the  intercepts  made  by  a 
straight  line  intersecting  an  hyperbola  and  its  asymptotes  are  equal. 
Thus  if  abed  represents  an  hyperbola,  BC  and  CD  its  asj-mptotes, 
then  the  intercepts  aa'  and  bb'  made  by  the  straight  line  a'b'  are 
equal. 

To  draw  the  hyperbola:  Beginning  at  any  point,  as  a.  draw  the 
straight  hne  a'b',  and  lay  off  from  the  line  CD,  b'h  equal  to  a' a ;  then 
will  b  be  one  point  on  the  hyperbola.    Draw  a  similar  line  c'd' 
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through  6,  makmg  d'c  equal  f!h\  then  will  c  be  another  point  on 
hyperbola.    This  process  can  be  repeated  until  a  suitable  ni 
of  points  is  found;  the  hyperbola  is  to  be  drawn  through 
points.    A  similar  method  can  be  used  to  draw  the  hyperbda 
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F^G-  457-  —  Method  of  Drawing  Hyperbola. 


346.  Construction  of  Saturation  and  Isentropic'*'  Curves  for 

—  The  Saturation  Curve  is  the  curve  which  result$  if  the 

volumes  of  dry  and  saturated  steam  are  plotted  against  correqwod*^ 

ing  absolute  pressures.    No  doubt  the  easiest  way  to  construct 

a  curve  is  to  take  the  volumes  from  the  steam-tables  corres] 

to  given  pressures  and  set  them  ofiF  along  the  volxune  axis;  lay 

the  corresponding  pressures  as  ordinates;  then  a   curve  dmULJ 

through  the  extremities  of  the  ordinates  will  be  the  saturation  amt^^ 

which  does  not  differ  greatly  from  an  hyperbola. 

It  has  been  stated  that  the  saturation  curve  for  steam  follows 

general  law, 

pyii  =  ^oM  «  constant. 

As  a  matter  of  fact,  this  exponent  changes  with  the  pressure 
as  computations  by  means  of  a  steam-table  will  show.    The 
obtained  by  the  use  of  n  =  1.064  is,  however,  probably  dose 
to  the  real  cwcve  to  serve  all  practical  purposes. 

*  This  curve  is  in  genera]  practice  called  an  adiabatic  curve.    See  note,  p.  344- 
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The  equation  of  the  isentropic  curve  for  saturated  steam  (s 
tquatioii  (59),  p.  346)  is,  for  all  qualities  between  .7  and  1.0, 

^.i»+.i.  =  constant.  ( 

For  initially  diy  and  saturated  steam  (*  =  i.o)  this  reduces  to 

^■i»  =  constant.  ( 
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The  exponent  of  the  equilateral  hyperbola  is  «  =  i ,  and  this  cun 

r  iBpther  with  the  saturation  curve  and  the  isentropic  curve  for  ii 

t^^  dry  steam,  is  plotted  in  Fig.  458  to  show  the  mutual  relatic 

'£  is  the  hyperbola,  AC  the  saturation  curve,  and  A  D  the  isc 

npcHne. 

It  is  to  be  noticed  that  the  saturation  curve  corresponds  la  a  ui 
inn  quality  of  steam,  the  isentropic  cur\-e  to  a  condition  in  whi 
"tte  moisture  is  increasing,  and  the  hyj)erbolic  cur\c  to  a  conditii 
in  irinch  the  moisture  is  decreasing. 
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347.  Clearance  Detennined  from  the  Diagram.  —  The 

is  usually  to  be  determined  by  actual  measurement  of  the 
of  the  spaces  not  swept  through  by  the  piston,  and  comparing 
result  with  the  volume  of  piston-displacement.    Since  the 
sion  and  compression  lines  of  the  diagram  are  neariy  h] 
the  position  of  clearance  line  can  be  determined  by  a  method  nen^l 
the  reverse  of  that  used  in  constructing  an  hyperbola  (Article, 

In  this  case  proceed  as  follows:  Lay  off  the  vacuum  line  CI 
(Fig.  459)  parallel  to  the  atmospheric  line  FT,  and  at  a  dislttOil 


corresponding  to  the  atmospheric  pressure.    The  positiim  d 
clearance  line  can  be  determined  by  two  methods, 
to  those  used  in  drawing  the  hyperbola.    Pirsi  method:  TafctJ 
points,  a  and  b  in  the  expansion  curve  and  c  and  d  in  the 
line,  and  draw  horizontal  and  vertical  lines  through  these 
forming  rectangles  aa^bb'  and  cc'dd\    Draw  the  diagonal  of 
rectangle,  as  a'b\  to  meet  the  vacuum  line  CD;  the  point  (t- 
section  C  will  be  a  point  in  the  clearance  line  CJ?,  and  the 
will  equal  CN  -i-  FT,    Second  method:  Draw  a  straight  line 
cither  curve,  as  mn  through  the  compression  curve  or  «/"  tto 
the  expansion  curve,  and  extend  it  in  both  directions.    On  th« 
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m'W  lay  off  nn'  equal  to  mw! ,  or  on  the  line  e'f  lay  off  ee'  equal  to 
Jf\  then  will  either  of  the  points  t'  or  v!  be  in  the  clearance  line,  and 
the  line  drawn  perpendicular  to  the  vacuum  line  through  one  of 
these  points  should  pass  through  the  other.  In  an  engine  working 
with  much  compression  the  clearance  will  be  given  more  accurately 
from  the  compression  curve  than  from  the  expansion  curvfe,  since 
it  is  more  nearly  an  hyperbola. 

348.  Weight  of  Steam  Accounted  for  by  the  Indicator-diagram. 
The  Diagram  Water-rate.  —  The  diagram  shows  by  direct  measure- 
ment the  pressure  and  volume  at  any  point  in  the  stroke  of  the 
piston;  the  weight  of  steam  per  cubic  foot  for  any  given  pressure 
may  be  taken  directly  from  a  steam-table.  The  method,  then,  of 
finding  the  weight  of  steam  for  any  point  in  the  stroke  is  to  find  the 
volume  in  cubic  feet,  including  the  clearance  and  piston-displace- 
ment to  the  given  point,  which  must  be  taken  at  cut-off  or  later, 
and  multiply  this  by  the  weight  per  cubic  foot  corresponding  to 
the  pressure  at  the  given  point  as  measured  on  the  diagram.  This 
will  give  the  weight  of  steam  in  the  cylinder  accounted  for  by  the 
indicator-diagram,  per  stroke.  In  an  engine  working  with  com- 
pression, the  weight  of  steam  filling  the  clearance-space  is  not  ex- 
hausted; this  weight,  computed  for  a  volume  equal  to  clearance  and 
with  weight  per  cubic  foot  corresponding  to  compression  pressure, 
should  be  subtracted  from  the  above.  The  result  may  be  reduced 
to  povmds  of  steam  per  I.H.P.  per  hour,  by  multiplying  by  the 
number  of  strokes  made  per  hour  and  dividing  by  the  I.H.P.  de- 
veloped. It  should  be  noted  in  this  computation  that  the  steam 
caught  in  clearance  is  assumed  dry  at  the  end  of  compression. 
An  alternative  method,  often  used  for  computing  the  weight  of 
steam  caught  in  clearance,  is  to  assimie  the  steam  dry  at  the  point 
of  exhaust  closure  and  to  determine  the  weight  from  the  cylinder 
volume  up  to  that  point  and  from  the  back  pressure. 

The  method  of  computing  would  then  be:  Find,  from  a  steam- 
table,  the  weight  of  steam  per  cubic  foot  corresponding  to  the 
absolute  pressure  at  the  given  point,  multiply  this  by  the  corre- 
sponding volume  in  cubic  feet,  including  clearance,  and  this  by  the 
number  of  strokes  per  hour.  Correct  this  for  the  steam  imprisoned 
in  the  clearance-space.    Divide  this  by  the  horse  power  developed 
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and  we  shall  have  the  consumption  in  pounds  of  dry  steam  per 
I.H.P.  as  shown  by  the  diagram.     Thus  let 
A  =  area  of  piston  in  square  feet; 
a  ^    ''     ''       ''      ''      ''      mches; 
N  =  number  of  strokes  per  hour; 
n  ^      ''  ''       "         ''  minute; 

w  =  weight  of  cubic  foot  of  steam  for  the  pressure  at  the  point 

under  consideration; 
w'  =  weight  of  cubic  foot  of  steam  for  the  pressure  at  end  of 
compression; 
/  =  total  length  of  stroke  in  feet; 

/„  =  length  of  stroke  in  feet  to  point  under  consideration; 
c  =  per  cent  of  clearance; 

V  =  la  +  cl  =  equivalent  length  of  stroke  to  point  under  con- 
sideration (including  clearance) ; 

Then  the  total  volume  up  to  the  point  under  consideration  will  be 
=  (/a  +  d)A  =  I'A  CXI.  ft.,  and  the  corresponding  weight  of  dry 
steam  is  I'Aw  pounds.  The  volume  of  steam  caught  in  the  clearance 
space  is  clA  cu.  ft.,  and  its  weight  will  be  clAw'  pounds.  Hence  the 
net  weight  of  steam  supplied,  as  shown  by  the  indicator,  will  be 
{VAw  —  clAw^)  pounds  per  stroke.  From  this  it  follows  that  the 
steam  consumption  from  the  diagram  in  pounds  per  I.H.P.  hour, 
or  the  diagram  water-rate,  is 

Y 

S  =  Y^j  ,7  [l\iu^  —  clAw^  pounds 

Y  1/ 
=  ^  j      {biv  —  cw')  pounds 

6o  n  •  —  •  /  {hw  —  r«:/) 

= ^^^— pounds 

plan  ^ 


33»ooo 
=  ---^^ pounds. 


(5) 
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Example.  —  Compute  the  steam  consumption  as  shown  at  E  and  at  release 
point  F,  in  the  diagram  of  Fig.  453. 

The  absolute  pressures  shown  by  the  diagram  are  as  follows: 

At  cut-off,  97  pounds;  at  release,  37  pounds;  at  end  of  compression,  60  pounds. 
The  mean  effective  pressure,  ^  =  50  pounds;  length  of  stroke,  I  -  3  feet; 
distance  up  to  cut-off,  U  -  .75  foot;  distance  up  to  release,  /«  =  2.78  feet. 

Per  cent  of  clearance,  c  =  3.2  per  cent;  I'  —  la-\-  d  =  .75  +  .032  X  3  =  .845 

foot  at  cut-off,  and  2.78  -f  032  X  3  =  2.876  feet  at  release.    Hence  6=7=  ^-^ 

/         3 

2  8''6 
=  .282  at  cut-off,  and»       ^    =  .958  at  release. 

w  at  cut-off  =  .2193  pound  per  cubic  foot;  at  release  =  .0886  pound  per 
cubic  foot,  and  to'  at  end  of  compression  =  .1394  pound  per  cubic  foot. 
Steam  consumption  at  cut-off: 

^  _  i3>75o  (282  X  .2193  -  .032  X  .1394) 

=  15.78  lbs.  per  I.H.P.  hr. 
Steam  consimiption  at  release: 

5  «  i3»75o  (958  X  .0886  -  .032  X  .1394) 

50 
=  22.10  lbs.  per  I.H.P.  hr. 

This,  it  should  be  noticed,  is  not  the  actual  weight  of  steam  used  per  horse 
power  by  the  engine,  but  is  that  part  which  corresponds  to  the  amount  of  dry 
steam  remaining  in  the  cylinder  at  the  points  under  consideration.  The  amount 
is  usually  less  when  computed  at  cut-off  than  at  the  end  of  the  stroke,  since 
some  of  the  steam  which  was  condensed  when  the  steam  first  entered  the 
cylinder  is  restored  by  re-evaporation  during  the  latter  portion  of  the  period 
of  expansion. 

349.  The  Diagram  Water-rate  for  Mtilticylinder  Engines.  — . 
The  equations  of  the  previous  article  apply  only  to  simple  engines. 
To  compute  the  diagram  water-rate  for  a  compound  or  triple  engine, 
proceed  in  exactly  the  same  way  for  any  given  point  on  the  expan- 
sion line  of  the  cards  from  any  of  the  cylinders,  but  after  determining 
the  steam  accoimted  for  per  stroke,  multiply  by  the  number  of 
strokes  made  per  hour  and  divide  by  the  sunt  of  ilie  horse  powers  of  all 
the  cylinders.  This  gives  the  steam  credit  for  all  the  work  it  either 
has  already  done  since  entering  the  high-pressure  cylinder  or  will  do 
before  leaving  the  low-pressure.  This  computation  is  equivalent  to 
substituting  for  p  in  equation  (5)  what  is  known  as  the  "  equivalent 
mean  effective  pressure."    Thus,  if  the  computation  is  being  made 
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for  the  H.P.  cylinder  of  a  compound  engine,  the  quantities 
the  line  in  equation  (5)  are  chosen  from  the  high-pressuie 

while  the 


Equiv.  M.E.P.  =  />'  +  rp" 

where  /   =  M.E.P.  of  H.P.  card, 

/'  =  M.E.P.  of  L.P.  card,  and 

^.    Vol.  L.P.  Piston-Displacement 
f    =  ratio  * . 

Vol.  H.P.  Piston-Displacement 

Similarly,  if  the  computation  is  being  made  for  the  low-pressure 

the 

Equiv.  M.E.P.  =  ^  -h  p" , 

350.  Approximate  Formulas  for  the  Diagram  Water-nite.^i 

we  put  la  =  I,  and  further  neglect  all  considerations  of  cl< 
the  final  form  of  equation  (5)  would  be 

P 

in  which  p  =  the  M.E.P.  of  the  diagram,  and  w  the  weight  of 
per  cubic  foot  corresponding  to  terminal  pressure.    Several  aut 
ties  have  computed  tables  for  this  equation  as  follows: 

Thompson's  tables  (see  Appendix)  give  values  of  13,75^ 
and  the  tabular  values  must  be  divided  by  the  M.E.P.  to  give 
steam-consumption  per  I.H.P.  per  hour. 

Tabor's  tables  give  values  of   ^''^  »  and  the  tabular  values 

P 

be  multiplied  by  the  weight  of  a  poimd  of  steam  correqxxuliqg 
the  terminal  pressure,  to  give  the  steam-consmnption. 
Williams's  tables,  published  in  the  Crosby  catalogue,  give 

of  — ^ — »  and  the  results  in  each  case  have  to  be  multipSed 

42543 

32.32  w;  to  give  the  steam-consumption. 

A  graphical  correction  may  in  all  cases  be  made  for  the 
omght  in  clearance  by  drawing  a  horizontal  line  through  the 
minal  pressure  to  compression  line  of  diagram,  and  multiplyini 
result  computed  from  the  table  by  the  ratio  between  the  pof 
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of  this  line  intercq>ted  between  the  terminal  point  and  the  cx>m- 
pression  line,  to  the  whole  stroke. 

351.  Re-evi^Kxration  and  Grinder  Condensatioa.  —  By  cx>n- 
sidering  the  hyperbolic  curv'e  as  a  standard,  an  idea  can  be  obtained 
of  the  restoration  by  re-e\Tiporation  and  the  loss  by  cj'linder  con- 
densation. Thus  in  Fig.  457,  suppose  that  a  is  the  point  of  cut-off 
at  boiler-pressure.  Construct  an  hyp>erbola  as  explained;  in  the 
example  considered  it  is  seen  to  lie  above  the  expansion  line  for  a 
short  distance  after  cut-off,  then  to  cross  the  line  at  6,  and  remain 
below  it  nearly  to  the  end  of  the  stroke.  The  amount  by  which  the 
expansion  line  rises  above  the  h>'perbola  may  be  considered  as  due 
to  re-evaporation.  The  area  of  the  diagram  l>'ing  above  would 
represent  the  work  added  by  heat  returned  to  the  steam  from  the 
cylinder  walls. 

The  methods  for  determining  the  cylinder  condensation  are  simi- 
lar to  this  process,  except  that  the  hyperbola  is  usually  drawn  up- 
ward from  the  point  correspond- 
ing to  the  terminal  pressure,  to  *"** 
meet  a  horizontal  line  drawn  to 

represent  the  boiler-pressure,  as     |  ^      Mpercentofw^d. 

shown  by  the  dotted  lines  in  the 
diagrams  in  Fig.  460.  The  area 
of  the  figure  enclosed  by  the    | '  ^''^'^^-,_  ^^" 

dotted  lines,  compared  with  that  Fig.  460. 

of  the  diagram,  is  the  ratio  that 

the  ideal  diagram  bears  to  the  real;  the  difference  is  the  loss  by 
cylinder  condensation. 

The  student  should  understand  that  both  these  methods  are 
approximations  which  may  vary  much  from  the  truth. 

352.  Various  Forms  of  Actual  Indicator-diagrams.  —  The  form 
of  the  indicator-card  often  reveals  certain  defects  in  steam  distribu- 
tion, due  in  most  cases  to  improper  valve  setting.  As  a  matter  of 
fact,  the  main  purpose  of  applying  an  indicator  to  an  engine  is  in 
many  cases  merely  to  discover  such  defects  in  order  to  be  able  to 
eliminate  them.  A  great  variety  of  causes  will  affect  the  lines  of 
the  diagram  and  typical  examples  might  be  multiplied  indefinitely. 
In  many  cases  the  cause  of  certain  defects  is  easily  located;  in  other 
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a  b 

too  Great,  Admission  too  Early.      Lead  too  Small,  Admission  too  Late. 


Eztxone  Case  of  too  High  Compression 


Not  Enough  Compression. 


Late  Admission  of  Steam. 


/ 

Admission  of  Live  Steam  after  Cut-off, 

Leaky  Valves. 


(/).      May  Occur  in  Valve 
with  Riding  Cut-off. 

Fig.  463.    (a  to  h.) 


Too  Early  Release. 
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t 


Too  Late  Release. 


Loop  Diagram  due  to  Li^  Loidi< 
Automatic  Cut-off  Eiigiii& 


'■i 


Drop  in  Compression  Line,  most  likely  due  to  Leaky  Pistons  and  VihrOi 
Held  in  some  cases  to  be  due  to  condensation. 

FtG.  463.    (t  to  k.) 

incorrect  valve  setting.    There  are  many  different  vahc 
each  likely  to  have  its  own  peculiarities,  but  it  will  suffice  toj 
out  a  few  of  the  more  usual  abnormal  conditions  that  may 
In  some  of  the  following  cases,  Fig.  463,  a  to  k^  what  may 

sidered  the  normal 
shown  in  dotted  line,  the  i 
diagram  in  full  line. 

(c)  Effects  Due  to  Bad* 
Connections^  Leaky  Vdm} 
Pistons.  —  Steam 
which  are  too  small 
excessive    wire  drawing, 
Fig.  464). 
A  somewhat  similar 


BoOcr  PNMDre 


jWinDmKiiwI^M 
.1- 


FlG.  464. 


produced  in  the  use  of  valves  which  open  and  close  too 

Some  of  the  effects  of  leaky  pistons  and  valves  have  alread] 
shown  (Fig.  463,  /  and  k).    If  a  diagram  shows  an  ezpansia 
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lying  markedly  bdow  the  hyperbola,  Fig.  465,  the  effect  may  be  due 
to  serious  leakage,  steam  leaking  from  the  working  to  the  exhaust 
side.  If  this  loss  is  very  serious 
it  also  appears  in  the  compres- 
sion line. 

353.  The  Combining  of  Dia- 
grams from  Multic^inder  En- 
gines.— The  methods  used  will 
be  shown  for  the  case  of  the 
compoimd  engine,  from  which  it 

is  easy  to  generalize  for  triple  or     ^^^-  ^^5-  -  Diagrah  Showing  Effect  of 
,       ,  .  .  .        SsEious  Piston  and  Valve  Leakage. 

quadruple  expansion  engines. 

There  are  two  methods  in  use  for  combining  indicator-cards.  In 
the  one  the  diagrams  are  each  offset  from  the  line  of  zero  volumes 
in  the  combined  diagram  by  a  distance  corresponding  to  the  clear- 
ance volinnes  in  the  respective  cylinders.  In  general,  conditions 
will  be  such  that  the  amoimt  of  steam  expanding  in  the  cylinder 
(which  is  in  all  cases  equal  to  the  sum  of  the  weights  of  the  steam 
taken  into  the  engine  per  stroke  plus  the  weight  of  steam  caught 
in  clearance)  will  not  be  the  same  in  the  two  cylinders  on  accoimt 
of  the  fact  that  the  weight  of  clearance  steam  is  not  generally  the 
same  in  the  two  cylinders.  Hence  it  will  not  be  possible  to  start 
with  the  H.P.  cylinder  and  draw  a  single  saturation  curve  for  both 
cylinders,  but  such  a  curve  must  be  drawn  for  each  cylinder  sepa- 
rately. 

The  second  method  of  drawing  the  combined  card  is  to  eliminate 
the  clearance  steam  and  to  set  off  from  the  line  of  zero  volumes  only 
the  volumes  of  the  steam  taken  into  the  engine  per  stroke.  The 
method  of  doing  this  will  be  explained  more  fully  later.  In  this 
construction  a  single  saturation  curve  (or,  for  approximate  work, 
an  hyperbola)  may  be  drawn  for  both  cylinders,  and  some  idea  may 
thus  be  gained  of  how  nearly  the  ideal  work  area  represented  under 
the  saturation  curve  is  realized  by  the  actual  area  shown  by  the 
cards.  But  no  quality  computations  can  be  made  on  such  a 
diagram,  and,  for  general  usefulness,  construction  according  to  the 
method  first  outlined  is  generally  preferred.  Where  the  steam 
distribution  in  the  two  ends  of  the  cylinder  is  fairly  equal,  it  is 
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usually  satisfactory  to  average  the  two  cards  from  the  head 
crank  ends  of  the  cylinder  and  to  draw  the  combined 
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from  the  average  cards  only.    Where  this  cannot  be  dooft^ 
be  necessary  to  draw  combined  cards  for  the  head  and  en 
separately. 
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Figure  466  represents  a  set  of  cards  taken  from  a  cross-compound 
Corliss  engine  whose  dimensions  are  as  follows: 

Dia.  H.P.  cyl 9  ins. 

Dia.  L.P.  cyl 16  ins. 

Length  of  stroke 36  ins. 

Dia.  piston  rod,  H.P.  cyl 2U  ins. 

Dia.  piston  rod,  H.P.  cyl 2H  ins. 

Piston  displacement,  average: 

Head  end  and  crank  end,  H.P.  cyl i .  28  cu.  ft. 

Piston  displacement,  average: 

Head  end  and  crank  end,  L.P.  cyl 4. 15  cu.  ft. 


59 

oq6  cu.  ft. 

93 

372  cu.  ft. 


Average  clearance,  H.P.  cyl.,  per  cent 7 

Average  clearance  vol.,  H.P.  cyl 

Average  clearance,  L.P.  cyl.,  per  cent 8 

Average  clearance  vol.,  L.P.  cyl 

Scale  of  indicator-spring,  H.P.  cyl 80  lbs. 

Scale  of  indicator-spring,  L.P.  cyl 20  lbs. 

Barometer,  28. 75  in.  Hg  = 14.  i  lbs. 

Construction  of  Combined  Card,  Method  I. — In  Fig.  467  lay 
off  on  the  X-axis  a  scale  of  volumes,  and  on  the  Y-axis  a  scale  of 
absolute  pressures  as  shown.  Draw  in  the  atmospheric  line. 
Divide  the  length  of  each  indicator-card,  or  the  average  card, 
into  any  convenient  number  of  equal  parts,  say  ten,  and  erect  per- 
pendiculars at  the  points  of  division,  prolonging  them  downward 
until  they  reach  the  line  of  zero  pressures  in  each  case.  In  Fig.  467 
lay  off  first  the  L.P.  clearance  volume  (.372  cubic  foot)  and  the 
volimie  of  the  L.P.  cylinder  (4.15  cubic  feet),  making  a  total  of 
4.522  cubic  feet;  divide  the  distance  corresponding  to  4.15  cubic 
feet  also  into  ten  equal  parts,  and  erect  ordinates.  From  the 
average  L.P.  card,  Fig.  466,  determine  the  pressure  existing  at  the 
points  of  intersection  of  the  ordinates  for  both  forward  and  back 
pressure  lines,  measured  above  the  line  of  zero  pressure  and  using 
the  proper  spring  scale.  Lay  in  these  pressures  along  the  ordinates 
of  Fig.  467,  connect  the  points  determined,  and  the  result  will 
be  the  L.P.  diagram  transferred  to  the  new  volume  and  pressure 
scales  chosen. 

Next,  from  the  line  of  zero  volume,  Fig.  467,  lay  off  the  clearance 
volume  of  the  H.P.  cylinder  (.096  cubic  foot)  and  then  the  volume 
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of  the  H.P.  cylinder  (1.28  cubic  feet),  making  a  total  volume  of  1.376 
cubic  feet;  divide  the  distance  corresponding  to  1.28  cubic  feet  into 
ten  equal  parts  and  erect  ordinates.  Then  proceed  to  determine  the 
pressures  from  the  average  H.P.  card,  Fig.  466,  measured  above 
the  line  of  zero  pressure  as  a  line  of  reference,  and  transfer  these 
pressures  to  the  ordinates  of  Fig.  467,  as  in  the  case  of  the  L.P. 
card.     Connecting  the  points  will  give  the  H.P.  card. 

If  in  any  given  case  the  lines  of  the  original  diagrams  show  more 
irregular  variations  than  the  sample  cards  chosen,  it  may  be  neces- 
sary to  determine  a  greater  nimiber  of  pressure  points  by  dividing 
the  card  lengths  into  a  greater  number  of  parts. 

The  Saturation  Curves.  —  The  next  operation  is  to  draw  in  the 
saturation  curves.  The  steam  taken  into  the  engine  per  stroke  for 
the  test  and  the  cards  under  consideration  was  .103  poimd,  as 
computed  from  water  consumption  and  number  of  strokes. 

The  weight  of  steam  caught  in  the  clearance  spaces  may  be  com- 
puted from  the  pressure  either  at  the  beginning  or  end  of  the  com- 
pres3ion  line,  the  corresponding  volumes  in  the  cylinder,  and  the 
specific  volumes  corresponding  to  the  pressures,  on  the  assumption  that 
the  steam  is  dry  and  saturated.  There  is  some  uncertainty  regarding 
the  quality  of  the  steam  along  the  compression  line.  Most  authori- 
ties agree  to  call  it  dry  and  saturated  at  the  beginning  of  compres- 
sion. Hence  the  steam  caught  in  clearance  will  in  this  case  be  foimd 
as  follows  for  the  H.P.  cylinder: 

Average  absolute  pressure  at  beginning  of  compression. .     21. 82  lbs. 

Beginning  of  compression,  per  cent  of  back  stroke 88.3 

Piston  displacement  during  comp.  =  (i.oo  —  .883)  1.28  =         .  15  cu.  ft. 

Clearance  volume 096  cu.  ft. 

Total  volume  remaining  at  beginning  of  compression .  246  cu.  ft. 

Sp.  vol.  per  pound  of  steam  at  21 .82  lbs.  (from  steam-table)     18. 52  cu.  ft. 

Weight  of  steam  caught  in  clearance  =  'J^    = 013  lb. 

18.52 

The  total  weight  of  steam  in  the  H.P.  cylinder  at  the  beginning 
of  expansion  is  therefore  =  .103  +  .013  =  .116  poimd.  The  satura- 
tion curve  can  now  be  determined  by  finding  the  volume  that  this 
weight  of  steam,  assuming  it  to  remain  dry,  will  occupy  at  different 
pressures,  as  shown  in  Article  346.    For  example,  at  100  pounds 
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absolute  pressure,  the  specific  volume  of  steam  is  4429  cubic  feet; 
hence  .116  poimd  of  steam  will  occupy  a  volume  of  .514  cubic  fooL 
This  determines  one  point,  marlLed  A,  on  the  saturation  conc^ 
Fig.  467. 

The  computations  for  the  saturation  curve  for  the  L.P.  cyfeder 
are  exactly  similar.  The  engine  steam  per  stroke  is  the  same  ai 
before,  =  .103  poimd.  The  weight  of  steam  caught  in  the  deannx 
is,  however,  in  the  L.P.  cylinder  only  .006  pound  as  compared  fitt 
.013  pound  in  the  H.P.  cylinder.  The  total  weight  of  steam  Oh. 
panding  is  therefore  =  .109  pound.  For  this  weight  the  vcduns 
occupied  at  a  series  of  different  pressures  are  then  found  from  tk; 
steam-table  as  before. 

Th€  Quality  Curves,  —  The  location  of  the  saturation  curve  irifllj 
reference  to  the  expansion  line  shows  the  quality  of  the  steam  as 
expansion  progresses.  In  the  case  of  the  example  in  hand,  thei 
ration  curve  for  the  H.P.  cylinder  lies  entirely  outside  of  the  diagnfti 
and  shows  that  the  steam  is  wet  throughout  expansion.  Since,  at? 
any  given  absolute  pressure,  the  volmne  up  to  the  expansion  Ek] 
shows  the  volume  occupied  by  the  steam  in  the  mixture  of 
and  water  contained  in  the  cylinder,  while  the  volume  up  to  tlitj 
saturation  curve  shows  the  volume  that  the  weight  of  wet  steam  ii 
the  cylinder  would  have  if  it  were  just  dry,  it  follows  that  the 
of  the  total  volume  (including  clearance)  up  to  the  expansion 
to  the  total  volume  up  to  the  saturation  curve  is  a  measure  of 
quality  of  the  steam  at  the  pressure  chosen.  Thus  at  the  point 
release  in  the  H.P.  cylinder,  the  pressure  is  30.02  pounds  and 
volume  is  1.325  cubic  feet.  At  the  same  pressure,  the  sal 
curve  indicates  a  volume  of  1.55  cubic  feet.     The  quality  at 

is  therefore     '^-^  ^  =  85.5  per  cent.    To  get  this  residt  it  is  nfll 

1-55 

all  necessary  to  determine  these  volumes;  the  ratio  of  the 
distances  to  the  points  on  the  two  curves,  measured  say  in 
dredths  of   an   inch,   will   give   the   same  result.      Making 
computation   for  a  number  of  points  along  the  expansioii 
allows  of  the  construction  of  a  quality  curve  showing  the 
ation  of  quality  continuously.     In  this  example  this  curve! 
that  the  quality  was  72  per  cent  at  cut-off  and  increased  t 


THE  INmCATOR-BlAGRAM  667 

iially  to  85  per  cent  at  release,  indicating  a  considerable  amount 
of  re-evaporation. 

In  the  case  of  the  L  J.  diagram,  the  saturation  cnn'e  lies  entirely 
within  the  diagram,  showing  that  the  steam  was  superheated  along 
the  entire  expansion  line,  due  to  the  action  of  steam  jackets  whicii 
were  not  in  use  on  the  H.P.  c>'linder.  The  quality  of  the  steam 
(i.e.,  the  degree  of  superheat  >  can  now  no  longer  be  determined  by 
the  simple  ratio  of  volumes,  because  this  relation  no  longer  holds. 
The  relation  that  may  be  used  to  find  the  temperature  of  the  steam 
is  the  Tumlirz  equation  (Article  184^: 

T 

r  =  Ss-Ss .2^6 

P 

where     r  =  specific  volinne  of  siq^erheated  steam  in  cubic  feet, 
T  =  absolute  temperature, 
p  =  absolute  pressure  in  pounds  per  square  fool. 

To  apply  this  to  one  point  on  the  expansion  line  of  the  L.P. 
c>'linder.  take  the  volume  at  17.5  pounds  pressure.  This  equals 
2.51  cubic  feet  for  .109  pound  of  steam,  so  that  the  specific  volume 


2.^1 


Therefore 


T  =  ^^^^-  =  23.03  cubic  feet. 
.109 


T 

23.03  =  85.85 .256, 

17.5  X  144 


from  which  T  =  685^  F.  abs.  =  225^  F.  The  steam-table  shox^^ 
that  the  critical  temperature  for  17.5  pounds  is  220°.  In  this  case 
the  steam  is  therefore  5up)erheated  only  5  degrees.  This  amount 
of  superheat  is  practically  negligible  and  is  of  course  subject  to  the 
error  of  the  measurements  taken  from  the  combined  diagram  and  to 
the  error  of  the  Tumlirz  equation  which  in  itself  is  dr  .8  per  cent. 
It  is  therefore  accurate  enough  to  conclude  in  this  case  that  the 
steam  is  dr>'  and  saturated  along  the  expansion  line,  and  therefore 
no  quahty  curve  for  the  L.P.  o^linder  need  be  drawn.  Tn  case 
superheat  is  shown  to  a  greater  extent,  a  qualitv  curx-e  vdxh  volumes 
as  abscissae  and  degrees  of  superheat  as  ordinates  can  be  con^ 
structed  similar  to  the  quality  curve  for  the  H.P.  cvlinder. 
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Construction  of  Combined  Card,  Method  n.  —  The  fat 
step  in  the  process  is  to  draw  through  the  points  of  exhaust  dontf  ^ 
on  each  card  a  saturation  curve  for  the  weight  of  steam 
in  the  clearance.  Then  divide  bach  diagram,  that  is  an 
for  the  H.P.  cylinder  and  an  average  for  the  L.P.  cylinder 
any  convenient  number  of  equally  spaced  horizontal  str^,  staii&l^ 
in  each  case  from  the  line  of  zero  pressures.  Next  <mi  cr< 
paper  lay  off  scales  of  volumes  and  of  pressures  as  for 
Lay  in  the  atmospheric  line  and  divide  the  field  into  as 
horizontal  strips  as  there  are  on  the  original  diagrams,  drawim^ 
horizontal  dividing  lines  at  the  proper  pressure  intervals  by 
into  account  the  scales  of  the  springs". 

In  Fig.  466  the  H.P.  head  end  card  shows  the  saturation 
drawn  in  for  the  clearance  steam  and  also  the  method  of  hoii 
subdivision.    The  next  step  is  to  determine  the  volumes 
any  horizontal  line  such  as  ^4^,  Fig.  466,  and  to  transfer  them 
the  combined  card.     To  do  this  by  computation  is  rather 
some.     Thus  in  the  actual  diagram,  the  length  AC  was  .12 
and  the  length  AD  was  .92  inch.     Since  the  actual  full 
of  the  card  was  3.91  inches  (which  represented  1.28  cubic 
cylinder  volume),  the  corresponding  cylinder  volumes  are  for 
.04  cubic  foot  and  for  AD  .30  cubic  foot.    The  line  AB 
sents  a  pressure  of  100  pounds  absolute  in  this  case.    To 
volumes  AC  and  AD  to  the  combined  diagram,  Fig.  468, by 
along  the  100  pound  pressure  line  the  volumes  .04  and  .30 
foot,  which  determines  the  location  of  points  C  and  D  res] 
the  clearance  steam  being  eliminated. 

To  apply  this  method  of  computation  to  a  number  of 
intervals,  as  would  be  necessary  to  obtain  sufficient  points  to 
struct  the  diagram,  is,  as  stated,  very  cumbersome,  and  for 
reason  a  graphical  method,  given  by  Professor  Heck,  is  p: 
In  Fig.  469,  lay  off  MN  equal  to  the  actual  length  of  the 
diagram.     Make  NO  equal  to  the  actual  distance  on  the 
diagram  corresponding  to  1.28  cubic  feet  (the  volume  of  the 
cylinder).    Draw  OM,    Then  if  we  take  any  abdssa,  as  Ad 
the  case  of  the  H.P.  head  end  card,  Fig.  466,  and  transfer  tUl 
Fig.  469  (distance  MN"),  then  will  the  distance  N'N"  give  t 
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this  wdght  of  steam  for  any  paint  may  be  found  by  ctnnpiaring  the 
volume  which  it  does  actualh'  cxxxipy  with  that  which  it  should 
occupy  at  the  same  pressure  if  it  were  diy  and  saturated 

In  otiier  words,  all  condensmg  and  eviq>oration  processes  are 
assumed  to  take  place  in  the  cylinder.  QuaHt\\  pressure,  or  tem- 
perature are  all  that  is  required  to  determine  entropy,  and  the 
transfer  is  thus  ven'  sunple.  But  conditian  {a^  only  holds  for  the 
PTpanfdnn  line  and  is  not  true  for  all  the  other  lines  of  the  P-V 
diagram,  although  the  assunqjtians  made  give  lines  in  the  T-4» 
held  which  show  the  heat  changes  with  fair  approximation,  except 
for  the  compression  line,  for  which  the  real  conditions  are  certainly 
far  different  from  those  assumed.  Whenever  assumption  (a)  is 
incorrect  it  of  course  affects  assunqjtion  (b )  in  like  manner. 

The  principle  upon  whidi  the  T-tp  diagram  in  general  rests  has 
already-  been  explained  in  Article  183.  The  method  of  transferring 
an  actual  card  will  be  illustrated  in  connection  with  Fig.  470.  This 
represents  a  diagram  taken  from  a  single-c^^linder  throttling  engine. 
The  data  required  are  as  follows: 

Diameter  of  cvlinder 6  ins. 

Stroke 8  ins. 

Clearance,  average 12  per  cent 

Revolutions  per  minute 186 

Scale  of  spring 40  lbs. 

Pressure,  absolute,  steam  pipe 120  lbs. 

Pressure,  absolute,  steam  chest 85  lbs. 

Barometer 14.  5  lbs. 

Quality  of  steam,  steam  chest 08. 8  per  cent 

Steam  used  per  hour,  from  test 351  lbs. 

Length  of  card 3.41  ins. 

Derived  quantities: 

Cylinder  volume .  131  cu.  ft. 

Clearance  volimM .  016  cu.  ft. 

Total  volume .  1 47  cu.  ft . 

Weight  of  engine  steam  per  stroke 01 57  ^1>- 

Weight  of  dearance  steam  per  stroke 0020  lb. 

Total  weight  per  stroke  (engine  4-  clearance) 0177  lb. 

The  preliminary  work  consists  in  laying  in  the  zero  pressure 
line  in  Fig.  470  and  dividing  the  card  into  horizontal  strips  at  definite 
pressure  intervals  with  zero  pressure  as  the  reference  line.    The 
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intersections  of  the  horizontal  lines  with  the  lines  of  the  dh^ 
give  a  number  of  definite  points  of  refotnce.  1\1iere  the  dii|| 
of  volume  and  pressure  are  rapid,  as  around  the  toe  d  ttefH 

I  V 


intermediate  reference  jwints  may  be  chosen.    In  this  pai&i 
case  there  are  twenty  such  reference  points  (see  Fig.  470).  ■« 
ad  shows  inertia  waves  in  the  admission  line.    In 
common  to  draw  in  the  average  pressure  line  as  sh> 
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Next  CQDStroct  a  table  i^see  below)  with  the  columns  headed  as 
shown.  Columns  i  and  2  are  seif-expianatc»r>';  ths  data  for  3,  5,  S> 
and  10  are  read  directly  from  the  steam-table.  Colunm  4  is  obtained 
by  measurement  from  the  indicator-card.  For  point  5,  for  example^ 
the  distance  from  the  line  of  zero  \-olumes  is  2.64  inches.  The  total 
length  of  the  card  itself  is  3-^1  inches,  which  equals  .131  cubic  foot. 

Hence  volimie  to  point  5  =  ^^  X  .131  =  -lo^S  cubic  foot.    Colunm 

3-41 

6  is  obtained  by  dividing  the  volumes  in  column  4  by  .0177,  the 
total  weight  of  steam,  the  result  being  the  volume  that  this  mixture 
of  steam  and  water  would  occupy  per  pound.  Colimm  7,  the 
dryness  fraction,  is  obtained  by  dividing  column  6  by  column  5. 
The  method  of  finding  column  9  is  obvious,  while  column  1 1  is  the 
sum  of  columns  9  and  10. 
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•0575' 
.0853 
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.1015 

'^323 
.  1420 
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.0890 
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.0418 
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6.95 
7-17 
8.51 

10.49 
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13-74 
16.30 

20.08 
22.16 
24.00 
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20.08 
13 -74 
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9.18 

8.51 

7.17 

6.20 


.91 
3.25 
4.77 

4  95 
5-73 
7.48 
8.05 
8.24 
8.31 
8.31 

7-35 

5  03 
2.76 
2.36 

1-53 
1.03 
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.91 

.91 
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•524 
.688 
,690 

.675 
•713 
.730 
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•413 

•331 
.209 

"S 

.117 
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.098 

•099 
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.127 
.147 


.1665 
.1890 
.2104: 
.2160 
.2468 
.2841 
•  29501 
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.4261 
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•  2607, 
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6280 
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4411 
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4113 
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3877 
3680 

3532 

3355 

3273 
3208 

3208 

3355 
3680 

3920 

4040 

4113 
4272 

4411 


.044 
1 .069 
1.262 
1.264 
1.252 
1.309 

I  335 
1. 164 

1.046 

913 
.796 
.618 

.484 
.499 
.510 

517 
•531 

544 
.582 
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The  last  step  consists  in  plotting  the  results  in  columns  3  and  1 1 
(see  Fig.  471).   Choose  any  convenient  scale  for  t  and  4>.   The  water 
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that  .0177  pound  of  this  steam  would  locate  the  point  11.  These 
conditions  in  the  steam  chest  also  determine  /  =  316  degrees 
and  total  entropy  =  1.1561  X  .988  +  .4590  =  1.602,  by  means  of 
which  point  II  on  the  entropy  diagram,  Fig.  471,  may  be  fixed.  The 
rest  of  the  theoretical  diagram  on  the  entropy  chart  is  drawn  by 
the  method  already  explained  for  the  real  card. 

In  the  real  engine  the  steam  in  the  steam  chest,  whose  condition 
is  defined  by  the  point  I,  Fig.  471,  due  to  wire  drawing  or  passing 
through  the  valves  and  to  initial  condensation,  changes  its  condition 
imtil  at  cut-off  it  is  defined  by  point  3.  The  exact  location  of  the 
line  along  which  this  change  takes  place  is  imcertain  because  of  the 
lack  of  necessary  data.  It  must  be  obvious  from  this  and  from 
the  statements  made  above,  that  the  exact  itemizing  of  the  heat 
losses  and  heat  interchanges  is  hardly  possible  by  means  of  such  a 
diagram.     Generally  the  interpretation  is  as  follows: 

The  loss  represented  by  the  area  1-3-3'-!',  Fig.  471,  is  attributed 
to  wire  drawing. 

The  shape  of  the  expansion  line  shows  that  heat  is  lost  to  the 
cylinder  walls  from  3  to  5,  and  that  re-evaporation  takes  place  from 
5  to  7.  The  areas  below  3-5  and  5-7  to  the  <^axis  (zero  of  absolute 
temperature)  represent  the  amounts  of  the  respective  heat  inter- 
changes. 

The  area  3'-II-II'-3"  represents  the  loss  due  to  initial  con- 
densation. 

The  loss  due  to  early  release  is  shown  by  the  area  7-10-12-7'  for 
the  real  card  and  IIl-IV-II'  for  the  Rankine  diagram. 

The  line  13-14  ...  .  20-1  shows  a  gain  of  entropy  from  the  begin- 
ning, but  no  dependence  should  be  placed  in  what  this  line  seems 
to  indicate  on  account  of  the  arbitrary  assumption  made  in  obtain- 
ing it. 

355.  Steam-chest  and  Steam-pipe  Diagrams.  —  These  diagrams 
are  sometimes  taken  in  order  to  determine  the  pressure  variations 
in  steam  chests  and  pipes.  They  are  occasionally  useful  in  bringing 
out  wire  drawing  and  other  losses  that  may  be  due  to  insufficient 
pipe  capacity.  The  method  of  taking  them  is  exactiy  the  same  as 
for  the  cylinder  diagram.  Fig.  472  shows  a  steam-pipe  and  Fig. 
473  a  steam-chest  diagram  taken  directiy  above  the  cylinder  diagram 
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from  a  30  inch  X  60  inch  Bass  Corliss  engine.*  Concemiiig  tk 
last  diagram,  Barms  makes  the  point  that  since  the  n'ire-il[»D[ 
toss  in  the  cyUndei  card  is  accompanied  by  about  the  same  loKti 


Fic.  47?.  —  Steam-Pipe  Diagbam  rs  Connectiom  wna  Indicatoi  Cui- 

pressure  in  the  chest,  the  trouble  is  not  due  to  the  valve  btt' 
some  cause  between  the  steam  chest  and  the  boiler.  The  S** 
pipe  diagram  would  indicate  that  the  pipe  is  too  small,  alllwi 
as  a  matter  of  fact  the  loss  of  pressure  is  not  at  all  excessive. 


Fic.  473. — Steam-Chest  Diacsam  in  Connection  wrra  Indicatok  Cut 

356.   Displaced  Diagrams  and  Time  Diagrams.  —  T>i*  "* 
diagram  is  drawn  with  an  harmonic  motion,  the  ^ 
*  Repfoduced  from  Barrus,  The  Sur  Improved  IndicAtor. 
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mazimtim  near  the  middle  of  the  stroke,  while  near  each  end  the 
speed  is  much  less  and  is  zero  at  the  end  of  the  stroke.  This  in  a 
sense  di^uises  the  pressure  variations  occurring  at  the  ends  of  the 
stroke.  For  certain  purposes  of  study  (explosion  actions  in  gas 
engines,  valve  gear  actions  in  steam  engines,  etc.)  the  pressure 
variations  at  the  ends  of  the  card  are  of  the  greatest  importance, 
and  in  this  connection  di^laced  or  distorted  diagrams  and  time 
diagrams  are  of  service. 


Fig.  474.  —  Displaced  Diagram  from  a  Gas  Engine. 

In  the  case  of  di^laced  diagrams,  the  reducing  motion  is  simply 
so  constructed  as  to  lag  behind  or  lead  the  engine  crank  by  a  certain 
definite  angle.  If,  for  instance,  the  angle  is  made  90  degrees  in  the 
case  of  the  gas  engine,  the  diagram  obtained  will  be  somewhat  of 
the  shape  of  Fig.  474.  The  pressure  variations  during  compression 
and  explosions  may  from  such  a  diagram  be  studied  with  much 
greater  acciuracy  than  from  the  regular  type. 


Fig.  475.  —  Crank  Shaft  Diagram  from  a  Steam  Engine. 

The  motion  for  an  indicator  may  of  course  be  taken  from  any 
moving  part  of  the  engine  and  occasionally  crank-shaft  diagrams, 
Fig.  475,  are  taken  for  the  purpose  of  studying  valve  gear  action.  In 
such  a  case  the  distances  moved  by  the  drum  are  made  proportional 
to  the  travel  of  the  crank-pin,  not  to  that  of  the  piston.  In  the 
figure,  line  ^45  is  the  exhaust,  BC  compression,  CDE  admission, 
and  EA  expansion.  Marks  FF  indicate  the  travel  for  one  stroke 
(180  degrees). 
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In  the  time  diagram,  the  oscillating  motion  of  the  dram 
by  continuous  imiform  motion,  by  means  of  q)ecial 
(chronograph).  For  a  gas  engine  a  time  diagram  woi 
indicated  in  Fig.  476. 
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Fig.  476. — TiiiE  Diagram  fsom  a  Gas  Engine. 

It  need  hardly  be  mentioned  that  none  of  the  di^laced  ( 
diagrams  can  be  used  for  the  determination  of  power  withoul 
position. 

n.  Gas-Engine  Diagrams 

357.  Theoretical  and  Normal  Diagrams.  —  The  fines 

theoretical  gas-engine  diagrams  and  the  efficiency  formulas  £ 
diagrams  have  already  been  discussed  in  Art.  185,  Chap.  ] 
that  connection  only  the  lines  of  the  actual  power  diagn 
considered.  In  practice,  however,  normal  diagrams  sb( 
suction  and  exhaust  lines,  at  least  in  the  case  of  4-cyck  * 
while  in  2-cycle  engines  there  must  always  be  a  "pump"  diagi 
arate  from  the  power  cylinder  card.  The  suction  and  exhai 
of  a  4-cycle  diagram  also  enclose  an  area,  known  as  the  lo 
diagram,  and  this  diagram,  or  the  pump  diagram  of  the 
engine,  represents  the  work  required  for  scavenging  and  < 
the  power  cylinder.  The  term  "  fluid  "  friction  is  sometBD 
to  designate  the  work  so  expended.  It  is  of  course  not  t 
for  useful  purposes,  lowers  the  brake  horse  power  devel(^ 
in  that  sense  a  loss. 

In  the  normal  4-cycle  gas-engine  diagram,  either  from  a  c 
volume  (Otto)  engine  or  from  a  constant-pressure  (Diesd) 
the  lower-loop  diagram  is  not  sufficiently  clear  to  allow  fli 
lion  for  the  purpose  of  determining  the  fluid  friction  lo 
B  stiffness  of  indicator  spring  necessary  to  obtain 
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diagram.  See  I'igs.477  ana47i  Xne  lonncr  of  toese  is  irom  a  0- 
H.P.  HornsbyrAkroyc  oii  mrmt:.  tne  jatier  iram  a  11^  inch  X  18 
inch  Strotherib^idis  namntf-gas  engmL  Tut  iatier  diagram  shows 
the  loop  -w&ll.    As  might  be  czpectc::.  int  I>iesei  engine  card.  Fig. 


Pni.  at:  — 


DiAOkAy..  A-cvcLL  Ou.  Lnolnl 


479.  diowB  nv  indication  of  a  lower  ioop  on  aecounl  of  tlie  extremely 
stiff  goring  that  liad  tc*  be  ubed  i«'  suind  iht  maximuni  pressure 
(o\'er  500  pomids  per  square  inch 

To  determine  accuraiej\  ih*r  hor**:  power  lOl^l  iu  fiuin  irictioii.  It 
becomes  necessar}*  lo  take  iuwer-iuoi>  diagram;      'rhi>  i-  doav  by 


Fig.  47^. — Nojoi/v:   DiAtikAi:    a-c\CLi   Ga^^  Encivi 

using  a  weak  spring  and  putting  a  *'  stop-  "  on  the  piston-roi  of  the 
indicator  piston,  to  prevent  wrecking  the  spring.  A  povi  o\ani]^l<^ 
of  this  kind  of  diagram,  taken  from  a  7  inch  X  p  inch  Fairbnnk^ 
gasoline  engine,  is  shovm  in  Fig.  480.  The  arroxirs  show  whioli  wr\\ 
the  Knes  were  traced  and  the  lines  themseh'cs  are  marked. 
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Abnormal  feiUures  may  occur  in  gas-engine  diagrams  d\ft^ 
variety  of  causes  whose  number  is  probably  even  greater  ^^] 
the  case  of  steam-engine  cards.  What  has  been  said  uadex  8t(3ii| 
engine  diagrams  concerning  the  faults  due  to  indicator,  icdudi 
motion  and  connections,  applies  with  generally  equal  force  also  i 


Fig.  479. — Normal  Diagsam,  Diesel  Engine. 

gas-engine  diagrams.     Besides  faulty  valve  timing,  which  is 
gous  to  wrong  valve  setting  in  the  steam  engine,  we  have  in 
case  of  the  gas  engine  also  chances  of  error  in  wrong  spark- 
bad  proportion  of  mixture,  non-uniformity  of  mixture,  etc. 
can  be  accomplished  by  proper  or  improper  control  of  mixture 


»•     Suction 

Fig.  480.  —  Lower  Loop  Diagram,  Fairbanks  Gasolene  Engdo. 

spark  IS  well  shown  in  the  series  of  cards.  Fig.  481,  a  to/,  which 
taken  from  a  7  inch  X  9  inch  Fairbanks  gasoline  engine. 

Figs.  482,  a,  ft,  and  c  were  taken  from  a  6-H.P.  Homsby- 
oil  engine.     This  engine  ignites  by  compression,  so  that  theicBi 
spark  control. 

The  most  valuable  aid  to  determine  whether  the  valves  aitl 
proper  size,  or  whether  the  valve  timing  is  right,  is  the  loW 
diagram.     Fig.  480  in  this  connection  shows  a  normal  low^ 
Figs.  483,  a,  6,  and  c  were  obtained  from  a  Homsby-Akroyo 
Compare  the  magnitude  of  the  loss  in  b  and  c  with  that  i 
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a. 


Mixture  nonnal.    Spark  nomud. 


Mixture  lean.    Spark  changed  from  what  would  be  normal  for  normal  mixture 
to  advanced  position.    Diagrams  in  order  a,  6,  c,  d. 


c. 


Mixture  changed  normal  to  rich.    Spark  normal  for  normal  mixture. 

Cards  in  order  a,  h^  c. 

Fig.  481.    (a  to  c) 
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J 


Mixture  changed  normal  to  lean.    Spaik  nonnal  for  normal  mixture. 

Cards  in  ord^  a,  b,  e* 


i 


e. 


Mixture  normal.    Spark  too  far  advanced.    Card  a,  normal  spA^^* 

Card  h,  advanced  spark. 


Mixture  normal.    Spark  too  late.    Card  a,  normal  spark.    Card  6,  retu 

Fig.  481.    {d  to  /.) 


1 
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^^onna]  CutL 


Oil  Supply  DonnaL     Air  Supply  gradually  ihrottJed.     Cards  in  order  a,  6,  c. 


Case  of  Pre-ignition.     Compression  too  high. 
Fig.  482.     (a,  6,  c.) 
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good  example  of  the  complexity  of  the  actions  that  may  take 
during  exhaust  and  suction  with  high  speeds  is  shown  in  Fig. 


SuctiOD 


a. 


Valve  Setting  about  noimaL 


Admission  Valve  opens  too  late. 


c. 


Exhaust  Valve  closes  too  eariy. 
Fig.  483.    (a,  6,  c.) 

Inertia  effects  are  shown  on  most  of  the  cards  in  the  series, 
48 1 ,  a  to  /.    An  extreme  case  of  this  is  shown  in  Fig.  485. 


Fig.  484- 

nts  directly  to  a  bad  choice  of  spring  (generally  toe 
;h  there  is  some  controversy  among  authorities  as  to 
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some  indications  of  this  kind  are  not  due  to  a  series  of  e^qilosion 
waves  correctly  recorded  by  the  indicator. 


Fig.  485.  —  ExTBEUE  Case  of  Inertia  Effect. 

A  typical  2-cycle  diagram  from  the  power  cylinder  is  shown  in 
Fig.  486.  The  exhaust  port  or  valve  opens  at  c  and  the  pressure 
drops  very  quickly  to  nearly  atmosphere.    The  new  charge  then 


Fig.  486.  —  Type 


enters,  charging  is  complete  by  the  time  b  is  reached,  when  the 
exhaust  and  inlet  valves  close  and  compression  begins.  For  further 
details  see  Chapter  XXI  on  gas  engines. 

358.  The  Actual  Entropy  Diagram  for  a  Gas  or  a  Mixture  of 
Gases.  —  The  entropy  diagram  for  a  gas  engine  is  even  more 
approximate  than  that  for  a  steam  engine,  because  in  the  present 
state  of  our  knowledge  we  do  not  possess  the  means  for  a  definite 
computation  of  heat  quantities  around  the  cycle.    ITiis  is  due  to 
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the  fact  that,  although  the  laws  of  variation  of  the  spoaic  1 
Cp  and  C,  with  temperature  are  now  fairly  well  known  to 
lower  temperatures  occurring  in  a  gas  engine  cycle,  considi 
uncertainty  still  exists  for  temperatures  over  2000**  F. 
Chap.  XXI.)  The  problem  is  further  complicated  by  the  on 
actions  along  the  combustion  line,  which,  according  to  lecei 
searches,  make  it  probable  that  dining  this  period  the  quai 
of  heat  existing  cannot  be  computed  in  the  ordinary  way  l 
of  values  of  C^  and  C.  determined  by  experiments  on  mixtm 
the  same  composition  and  corresponding  temperatures,  bat ' 
companied  by  the  energy  (chemical)  interchanges  that  occar ; 
the  combustion  line.  It  is  usual,  in  present  practice,  to  avo 
these  difficulties  by  computing  Cp  and  C,  for  the  mixture 
enters  the  cylinder,  and  then  to  assume  that  these  remam  m 
throughout  the  cycle.  An  improvement  upon  this  method 
analyze  the  exhaust  gases  (or  to  compute  the  analysis  app 
mately  from  the  ratio  of  fuel  to  air  used)  and  to  compute  C^ 
C,  for  the  burned  gases  as  well  as  for  the  fresh  mixture  fton 
specific  heats  of  the  component  gases.  Either  method  is  ai 
proximation  only.  Further  approximations  result  from  the 
that  in  the  4-cycle  engine  diagram  the  lower  loop  is  gcM 
neglected,  and,  in  the  case  of  the  Diesel  engine,  the  chaipw 
is  not  constant. 

The  simplest  method*  of  transferring  a,  P-V  diagram  fori 
engine  to  the  T—<l>  field  is  the  following.  To  take  a  cw 
case,  Fig.  487  represents  a  card  from  a  7-H.P.  4-cyde  ifluffliiM 
gas  cngine.t  This  is  the  actual  card  transferred  to  crosMO 
paper  because  this  transfer  makes  all  measurements  of  pressuw 
volume  direct.  The  lower  loop  (shaded  area)  is  neglected.  I 
a  line  g-a  to  close  the  diagram.  From  the  engine  test  obtiii 
following  data: 

(a)  Clearance  and  stroke  volumes  (.28  and  .46  cubic  foot, 

(b)  The  ratio  of  air  to  fuel  (13.8  by  weight). 

*  For  a  more  elaborate  method,  see  Carpenter  &  Diederichs  Intemil  Oori 
Engines,  Chapter  V. 

t  This  card  shows  vcr>'  low  compression  and  explosion  pressures,  but  fiffl* 
\  ci  showing  the  method  of  transfer  as  wdl  as  any  other. 
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Tlte  tcanperature  at  point  a.    If  this  is  not  known,  it  will 

have  to  be  assumed.    (739  degrees  abs.). 
I  The  values  of  C,  and  C,  for  the  mixture  at  point  a.    These 
are  assumed  constant  for  the  entire  cycle  {C,  =  .265, 
a  =  .191). 
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r  in  the  line  of  zero  pressure  OX  and  the  line  of  zero  volume 
i  any  convenient  volume  division,  V„  draw  a  vertical.  MIf. 
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Through  the  point  a,  for  which  the  temperature  is  known,  draw  an 
isothermal  line  {PV  =  const.,  with  OX  and  OY  as  axes)  to  cut  the 
line  MN  in  point  i.  Choose  any  other  nimiber  of  convenient 
pressure  intervals  along  the  line  MX,  as  2,  3,  4,  etc.,  and  through 
them  draw  isothermal  lines.  Each  one  of  these  cut  the  card  in  two 
points.  Thus  the  isothermal  drawn  through  the  point  6  (260 
pounds)  cuts  the  card  in  6'  and  6". 
Temperatures  along  the  line  MN  can  be  computed  (since  tem- 

P  *T*  D  T* 

l>erature  at  point  i  is  known)  from  the  relation  "j^  =  "rr ;  "ST  ~  ~' 

-Pi      T\     Px       T\ 

etc.  (Note  that  all  temperatures  are  absolute).  This  at  once 
determines  the  temperatures  for  a  number  of  points  around  the 
card,  for  7^6  =  T^'  =  Te". 

To  draw  the  entropy  diagram  for  one  pound  of  the  mixture  choose 
convenient  scales  of  T  and  <^,  see  Fig.  488. 

The  general  equation  for  a  change  of  entrc^y  in  gases  is 

</>2  -  </>!  =  C  log.-p  +  (C,  -  0  log,^. 

TTie  line  J/A  is  a  cc^nstanl-volume  line,  hence  —  =  i,  and  the 

second  term  of  the  nj^:ht  hand  member  in  the  above  equation  is  c. 
.\1no,  if  we  assunir  arhiirarily  that  the  entropy  for  52  degree?  is 
zero,  the  equation  for  any  i>i>int,  as  6,  on  the  line  MX  becccDes 


<^i  =  Cr  log. 


T, 


49^ 

Ojmputc  a  •i\itVu  irtit  nmnhcr  of  values  for  other  points  foam  lii 
equation  to  ]o«:^ir  ihr  line  U.Y.  Fig.  4SS. 

Next  ivr.ijMiir  ilio  rntropv  i\^r  a  number  of  p«nts 00  dae  ^Sagmzr:. 
To  toq^lA'i-*  \h\  v.i<Mht\^.  take  j^nn:  c'  .15  an  eTimple^ 

Fc«T  the  vV.?!"i:v  ivi^.v.-,  ,^  •,>  c^  .  the  ::r>:  u-rm  <i the gemwrfen  *gaa3i:c 

the  eTirrripfos  \hki<  ccrmr^irwci  rvctm  ^it  I&iie  JOT.    Cnm- 
Stifhderii  p^iinr^  u^  locate  xht:  cKagram,  1%.  ^Sfi.    l%t 
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re%ii^*.r.^  liJi^n'ani  1=  i/xr^i.  me  p^^ints  -Tiri n>fff  jicsac  'SsaEast  jsEfcHiZLZri 
by  *Ji*:  v^.T.*:  .fcttirrs  in  Fiz-  457. 

To  -r.vrrr>rei  inii  '•iLigrram  :i  Trfll  be  secesaarr  '2> 
Ovj>  ^'.  ..<:  :irtgram  r^r  the  heat  coarent  .rf  i  ^ 


Uiitc.  -ee  F!^.  254-  p.  549.     This  L=  indicaiec  fn  Ke.  -*aft 
4i})ri''i.     Then  'he  varioiis  areas  mav  be  takm  a> 
UAkminit  heat  quantities: 

Area  i'  6  <:  5'  r'  heat  received  along 
Ar«:a  ^/  c  f  -'  ^'  heat  rtaivtd  durznz  expan 
Ar'::a  4'  </  :'  ^  ±  heat  k/jt  tr^  e/lincer  iraHs  dorsic 
•Vrea  2'  a  4  4'  i  heat  lo^t  in  exhaust. 
Ar<ia  2    i  h  i'  2   heat  If/st  in  compression- 
.Vr'r^i  ^'  /i  '  c  (^  i'  6'  4'  heat  lost  in  nwtiarinn  and 
■;icitfct  Lo-is.  etc.  . 

The  la-it  \f^^,  {^  ver}'  approximate  only,  ance  tbe  aasnaipdcai  cf 
ojn?.Xjtrii  -.pefJic  heats  attects  this  loss  area  very 


CHAPTER  XVn. 

THE  TESTING  OF  STEAM  BOILERS. 

359.  Methods  of  Testing  Steam  Boilers.  —  In  1884  the  American 
Society  of  Mechanical  Engineers  adopted  a  code  for  the  testing  of 
steam  boilers  which  was  published  in  Vol.  VI  of  the  Transactions. 
This  code  was  revised  in  1899,  the  full  text,  together  with  a  niunber 
of  appendices,  being  published  in  Vol.  XXI.  The  Code  is  repro- 
duced in  full  in  the  following  pages.  In  the  forty-one  appendices 
attached  to  the  Code  in  the  Transactions  the  various  members  of  the 
code  committee  express  their  views  on  certain  provisions  in  greater 
detail,  offer  more  detailed  suggestions  concerning  certain  operations, 
discuss  instruments,  apparatus,  etc.  To  quote  all  of  this  material 
in  full  would  occupy  too  much  space,  esf)ecially  since  many  of  the 
subjects  mentioned  have  already  been  discussed  in  other  parts  of 
this  book.  But  many  of  the  remaining  suggestions  are  valuable 
and  to  the  point,  and  for  that  reason  it  is  thought  best  to  abstract 
these  and  to  offer  them  as  a  sort  of  conmient  on  the  rules  of  the 
Code. 

The  Code  has  now  been  established  some  ten  years.  In  that 
time  there  has  been  obtained  more  accurate  information  regard- 
ing some  subjects,  as,  for  instance,  the  heat  content  of  steam. 
Further,  the  practice  of  many  testing  engineers  differs  somewhat, 
although  in  no  important  detail,  from  some  of  the  rules.  It 
was  thought  best,  therefore,  in  commenting  upon  the  rules, 
also  to  take  into  account  these  developments  and  varying  view- 
points. 

Whenever  a  rule  has  been  thus  annotated,  the  page  reference 
to  the  note  is  given  in  every  case.  The  notes  themselves  give 
chapter  or  page  reference  if  the  subject  matter  of  the  rule  to  which 
the  note  refers  is  treated  in  other  parts  of  this  book. 
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I    U*i>srm%r^.  c:  Uu  iruiict  iht  sfiediic  object  of  tbc 


ilt  »rfij';ie:i'.y  sni-i  iit  d*ri*:Ci  uijder  usuaj  "» orkinf  ccmdtTiaTWk.  liit  ecanair;  j 
Miuit  ;A.rj';uiitr  kind  cif  r'utrl  c^r  iht  efetr  of  cbaages  of  "<"*«r^'  prcfftonoL  :r 
Of^rcU'^L    a'jd  '^TKr^T*:  vjt  iht  iriil  acccirii^ipry   see  mcfiJL.  p.  71  d  . 

J  J  hx/^miKA  int  *Hrj^.  boii  cr-isidt  iiiC  insick::  ascznais  iht  dmcaiSLrf 
'/  jjrfeVr^  hi*^*.:;.:;^  bunaDtb.  -cZi'i  'cL  irnjKjniLnt  pans:  aiKi  makf:  a  fnE  itzin 
d»ry.r-v:.'jjr  •.•!»:  i>a.aQ*:.  a:jd  iiiuitnitiaz  spedii  ftanires  bv  skfir^irs.  T5ie  ltii 
'/  h*:<i\  jjlji^  v:si'c/j:  \^  \'j  \ji:  ujnip\iu:<z  from  iht  suriaces  of  «^^1^  Tubry^.  nzmajts. 
kiSi'i  Utk  •j'jL*:^  ir.  ^'^r:ia,'.-!  wiih  the  nre  or  hot  eases.  The  aaiadc  djamtier  :•:' 
waVrr*  u.J/t^  sjid  likf:  inbidt  diamtrter  of  nre-iubes  are  to  be  used  in  the  carnpzzi- 
ti'^r*.  All  burfa.vr't  r^srlow  the  mean  water  le^'el  wbidi  have  water  an  oaoe  ssif 
aiid  ;>f'/d  *c*-t  of  '^^rr-^^-i^t-ioii  or.  the  other  are  to  be  cxmadered  as  water-hcatizc 
biirfa'^T;  arid  all  b'jrf a'.eb  ar>jve  the  mean  water  le\"d  which  have  steam  on  ose 
bid«;  arid  ;>r'/du^^b  of  con:b.ibtion  on  the  other  are  to  be  ooosidered  as  si^kt- 
h«:iiljrj^  b'jrfa'^:  'v::':  .'jote.  p.  71c-;. 

ill.  \otuA  tfu  //.r^:rd  conditum  of  the  bofler  and  its  equipment,  and  record 
bU'ij  faclt  iu  r'-latioii  therct/>  as  bear  up>on  the  objects  in  view. 

if  the  (jhj*:<.i  of  the  trial  is  to  ascertain  the  maTimnTn  ecDiiom3'  or  capadt>' 
of  the  \/f/i\*:r  ab  a  ht':am  generator,  the  boiler  and  all  its  appurtenances  should 
\f*:  put  ill  rirst<L:i>i>»  f.ondition.  Clean  the  heating  surface  inside  and  outside. 
r«:rfjov«:  <.\'i:±*iT^.  iv,Tu  the  grates  and  from  the  sides  of  the  furnace.  Remove  all 
dii--.i  vy>t.  and  a-.he->  from  the  chambers,  smoke  connections,  and  flues.  Close 
iiiT  \*  ;ik-,  in  1  he  n.;i.v>rjry  and  fyy^rly  fitted  cleaning  doors.  See  that  the  damper 
will  'i\i*:u  v.'ide  :iu<\  rlos<.'  tight.  Test  for  air  leaks  by  firing  a  few  shovels  of 
hj/joky  fuel  hi  A  irriinediately  closing  the  damper,  observing  the  escape  of  smoke 
i}iroij;/h  1}]'  '  P-vi<';-s,  or  by  parsing  the  flame  of  a  candle  over  cracks  in  the 
bri'  kv.ork. 

I  \  .  l)(  It  r mint  ih:  rJnirarUr  of  the  coal  to  be  used.  For  tests  of  the  efficiency 
ar  (:\\>:it  ity  of  thr-  boihr  for  romparis^jn  with  other  boUers  the  coal  should,  if 
po  /jI;!'  .  b«-  of  v;itj''  kind  which  is  commercially  regarded  as  a  standard.  For 
Nrv.  |ji^H;ind  and  that  jxjrlion  of  the  a>untry  east  of  the  Allegheny  Mountains, 
\!iiiA  anthrau'te  t'\i.'^  (oal,  containing  not  over  10  per  cent  of  ash,  and  semi- 
biiiirninon^  Clcarlicld  M'a.j,  Cumberland  (Md.),  and  Pocahontas  (Va.)  coals 
an-  thii>  ngard<<l.  West  of  the  Allegheny  Mountains,  Pocahontas  (Va.)  and 
Nrw  Kivrr  ^W.  \'a.)  semi-bituminous,  and  Youghiogheny  or  Pittsburg  bitu- 
nn'nons  (oals  are  recognized  as  standards.*     There  is  no  special  grade  of  coal 

♦  'I'licM-  {/).iN  an:  selected  because  they  are  about  the  only  coals  which  possess  the 
rssiMiiial .  of  eK<  ('Hence  of  quality,  adaptability  to  various  kinds  of  furnaces,  grates, 
boiler >,  and  methods  of  firing,  and  wide  distribution  and  general  accessibility  io  the 
nmrki-t  .1.    .See  various  apiKjndices  in  Vol.  XXI,  Transaction»A.  S.  M.  £• 
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mined  in  the  Western  States  which  is  widely  recognized  as  of  superior  quality 
or  considered  as  a  standard  coal  for  boiler  testing.  Big  Muddy  lump,  and 
Illinois  coal  mined  in  Jackson  County,  HI.,  is  suggested  as  being  of  sufficiently 
high  grade  to  answer  these  requirements  in  districts  where  it  is  more  con- 
veniently obtainable  than  the  other  coals  mentioned  above. 

For  tests  made  to  determine  the  performance  of  a  boiler  with  a  particular 
kind  of  coal,  such  as  may  be  specified  in  a  contract  for  the  sale  of  a  boiler,  the 
coal  used  should  not  be  higher  in  ash  and  in  moisture  than  that  specified,  since 
increase  in  ash  and  moisture  above  a  stated  amount  is  apt  to  cause  a  falling  off 
of  both  capacity  and  economy  in  greater  proportion  than  the  proportion  of 
such  increase  (see  note,  p.  711). 

V.  Establish  the  correctness  of  all  apparatus  used  in  the  test  for  weighing  and 
measuring.    These  are: 

1.  Scales  for  weighing  coal,  ashes,  and  water. 

2.  Tanks,  or  water  meters,  for  measuring  water.  Water  meters,  as  a  rule, 
should  only  be  used  as  a  check  on  other  measurements.  For  accurate  work, 
the  water  should  be  weighed  or  measured  in  a  tank.     (See  Chapter  XII.) 

3.  Thermometers  and  pyrometers  for  taking  temperatures  of  air,  steam, 
feed-water,  waste  gases,  etc.     (Chapter  VII.) 

4.  Pressure-gauges,  draught-gauges,  etc.     (Chapter  VI.) 

The  kind  and  location  of  the  various  pieces  of  testing  apparatus  must  be 
left  to  the  judgment  of  the  person  conducting  the  test;  always  keeping  in  mind 
the  main  object,  i.e.,  to  obtain  authentic  data.     (See  note,  p.  711.) 

VI.  See  that  the  boiler  is  thoroughly  heated  before  the  trial  to  its  usual  working 
temperature.  If  the  boiler  is  new  and  of  a  form  provided  with  a  brick  setting, 
it  should  be  in  regular  use  at  least  a  week  before  the  trial,  so  as  to  dry  and  heat 
the  walls.  If  it  has  been  laid  off  and  has  become  cold,  it  should  be  worked 
before  the  trial  until  the  walls  are  well  heated. 

Vil.  The  boiler  and  connections  should  be  proved  to  be  free  from  leaks  before 
beginning  a  test,  and  all  water  connections,  including  blow  and  extra  feed  pipes, 
should  be  disconnected,  stopped  with  blank  flanges,  or  bled  through  special 
openings  beyond  the  valves,  except  the  particular  pipe  through  which  water 
is  to  be  fed  to  the  boiler  during  the  trial.  During  the  test  the  blow-off  and  feed 
pipes  should  remain  exposed  to  view.     (See  note,  p.  711.) 

If  an  injector  is  used,  it  should  receive  steam  directly  through  a  felted  pipe 
from  the  boiler  being  tested.* 

•  In  feeding  a  boiler  undergoing  test  with  an  injector  taking  steam  from  another 
boiler,  or  from  the  main  steam  pipe  from  several  boilers,  the  evaporative  results  may 
be  modified  by  a  difference  in  the  quality  of  the  steam  from  such  source  compared 
with  that  supplied  by  the  boiler  being  tested,  and  in  some  cases  the  connection  to 
the  injector  may  act  as  a  drip  for  the  main  steam  pipe.  If  it  is  known  that  the  steam 
from  the  main  pipe  is  of  the  same  pressure  and  quality  as  that  furnished  by  the  boiler 
undergoing  the  test,  the  steam  may  be  taken  from  such  main  pipe. 
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If  the  water  is  metered  after  it  passes  the  injector,  its  tempenituie 
be  taken  at  the  point  where  it  leaves  the  injector.  If  the  quantity  ii< 
mined  before  it  goes  to  the  injector  the  teii4)eFature  should  be  deteniuHli 
the  suction  side  of  the  injector,  and  if  no  change  of  tempaature  occui%< 
than  that  due  to  the  injector,  the  temperature  thus  determined  is 
that  of  the  feed-water.  When  the  temperature  changes  between  the  ■ 
and  the  boiler,  as  by  the  use  of  a  heater  or  by  radiation,  the  tempentM^ 
which  the  water  enters  and  leaves  the  injector  and  that  at  which  it 
the  boiler  should  all  be  taken.  In  that  case  the  wei|^t  to  be 
that  of  the  water  leaving  the  injector,  computed  from  the  'heat 
not  directly  measured,  and  the  temperature,  that  of  the  water  entenv 
boiler. 

Let  w  =  weight  of  water  entering  the  injector. 
X  =      "        "  steam        "        " 
hi  «  heat  units  per  pound  of  water  entering  injected. 
ht  =     "        "     "       "      "  steam 
ht  =     "        "     "       "      "  water  leaving 
Then,  w  +  x  =  weight  of  water  leaving  injector. 

X  =  w • 

A, -A, 

See  that  the  steam  main  is  so  arranged  that  water  of  oondensatioa 
run  back  into  the  boUer. 

VIII.  Duration  of  the  Test,  — For  tests  made  to  ascertain  either  thei 
mum  economy  or  the  maximum  capacity  of  a  boiler,  irrespective  of  Al| 
titular  class  of  service  for  which  it  is  regularly  used,  the  duratxm 
at  least  lo  hours  of  continuous  running.    If  the  rate  of  cambustkn 
25  pounds  of  coal  per  square  foot  of  grate  surface  per  hour,  it 
stopped  when  a  total  of  250  pounds  of  coal  has  been  burned  per  sqmvl 
of  grate. 

In  cases  where  the  service  requires  continuous  running  for  the  whole  t^l 
of  the  day,  with  shifts  of  firemen  a  number  of  times  during  that 
well  to  continue  the  test  for  at  least  24  hours. 

Wlien  it  is  desired  to  ascertain  the  performance  under  the  working  < 
of  practical  running,  whether  the  boiler  be  regularly  in  use  24  hours  a  1 
only  a  certain  number  of  hours  out  of  each  24,  the  fires  being  banked  thei 
of  the  time,  the  duration  should  not  be  less  than  24  hours^ 

IX.  Starting  and  Stopping  a  Test.  —  The  conditions  of  the  boiler  andi 
in  all  respects  should  be,  as  nearly  as  possible,  the  same  at  the  end 
beginning  of  the  test.    The  steam  pressure  should  be  the  same;  the  ivaidr] 
the  same ;  the  6re  upon  the  grates  should  be  the  same  in  quantity  and  1 
and  the  walls,  flues,  etc.,  should  be  of  the  same  temperature.    Two 
of  obtaining  the  desired  equality  of  conditions  of  the  fire  may  be  m 
those  which  were  called  in  the  Code  of  1885  "  the  standard  method  "  u- 
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alternate  method,"  the  latter  being  employed  where  it  is  inconvenient  to  make 
use  of  the  standard  method.*     (See  note,  p.  713.) 

X.  Standard  Method  of  Starting  and  Stopping  a  Test.  —  Steam  being  raised 
to  the  working  pressure,  remove  rapidly  all  the  fire  from  the  grate,  close  the 
damper,  clean  the  ash  pit,  and  as  quickly  as  possible  start  a  new  fire  with 
weighed  wood  and  coal,  noting  the  time  and  the  water  level t  while  the  water 
is  in  a  quiescent  state,  just  before  lighting  the  fire. 

At  the  end  of  the  test  remove  the  whole  fire,  which  has  been  burned  low, 
clean  the  grates  and  ash  pit,  and  note  the  water  level  when  the  water  is  in  a 
quiescent  state  and  record  the  time  of  hauling  the  fire.  The  water  level  should 
be  as  nearly  as  possible  the  same  as  at  the  beginning  of  the  test.  If  it  is  not 
the  same,  a  correction  should  be  made  by  computation,  and  not  by  operating 
the  pump  after  the  test  is  completed. 

XI.  Alternate  Method  of  Starting  and  Stopping  a  Test.  —  The  boiler  being 
thoroughly  heated  by  a  preliminary  run,  the  fires  are  to  be  burned  low  and  well 
cleaned.  Note  the  amount  of  coal  left  on  the  grate  as  nearly  as  it  can  be 
estimated;  note  the  pressure  of  steam  and  the  water  level  Note  the  time,  and 
record  it  as  the  starting  time.  Fresh  coal  which  has  been  weighed  should 
now  be  fired.  The  ash  pits  should  be  thoroughly  cleaned  at  once  after  starting. 
Before  the  end  of  the  test  the  fires  should  be  burned  low,  just  as  before  the 
start,  and  the  fires  cleaned  in  such  a  manner  as  to  leave  a  bed  of  coal  on  the 
grates  of  the  same  depth,  and  in  the  same  condition,  as  at  the  start.  When 
this  stage  is  reached,  note  the  time  and  record  it  as  the  stopping  time.  The 
water  level  and  steam  pressures  should  previously  be  brought  as  nearly  as 
possible  to  the  same  point  as  at  the  start.  If  the  water  level  is  not  the  same  as 
at  the  start,  a  correction  should  be  made  by  computation,  and  not  by  operating 
the  pump  after  the  test  is  completed. 

XII.  Uniformity  of  Conditions.  —  In  all  trials  made  to  ascertain  maximum 
economy  or  capacity,  the  conditions  should  be  maintained  uniformly  constant. 
Arrangements  should  be  made  to  dispose  of  the  steam  so  that  the  rate  of 
evaporation  may  be  kept  the  same  from  beginning  to  end.  This  may  be  accom- 
plished in  a  single  boiler  by  carrying  the  steam  through  a  waste  steam  pipe,  the 
discharge  from  which  can  be  regulated  as  desired.  In  a  battery  of  boilers,  in 
which  only  one  is  tested,  the  draft  may  be  regulated  on  the  remaining  boilers, 
leaving  the  test  boiler  to  work  under  a  constant  rate  of  production. 

*  The  Committee 'concludes  that  it  is  best  to  retain  the  designations  "stand- 
ard "  and  "  alternate,"  since  they  have  become  widely  known  and  established  in 
the  minds  of  engineers  and  in  the  reprints  of  the  Code  of  1885.  Many  engineers 
prefer  the  "  alternate  "  to  the  "  standard  "  method  on  account  of  it  being  less  liable 
to  error  due  to  cooling  of  the  boiler  at  the  beginning  and  end  of  a  test. 

t  The  gauge-glass  should  not  be  blown  out  within  an  hour  before  the  water  level 
is  taken  at  the  beginning  and  end  of  a  test,  otherwise  an  error  in  the  reading  of  the 
water  level  may  be  caused  by  a  change  in  the  temperature  and  density  of  the  water 
in  the  pipe  leading  from  the  bottom  of  the  glass  into  the  boiler. 
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Unifonnity  of  conditions  should  prevail  as  to  the  pressure  of  steun,  tk 
height  of  water,  the  rate  of  evaporation,  the  thirlgnpss  of  fire,  the  times  of  fidm 
and  quantity  of  coal  fired  at  one  time,  and  as  to  the  intervals  between  the  tms; 
of  cleaning  the  hres. 

The  method  of  firing  to  be  carried  on  in  such  tests  should  be  dictated  bjtk  '■ 
expert  or  person  in  responsible  charge  of  the  test,  and  the  method  adflptti 
should  be  adhered  to  by  the  fireman  throughout  the  test. 

XIII.  Keeping  the  Records,  —  Take  note  of  every  event  connected  witk  W 
progress  of  the  trial,  however  unimportant  it  may  appear.  Record  the  tnefll  - 
every  occurrence  and  the  time  of  taking  every  weight  and  every  observatMB. 

The  coal  should  be  weighed  and  delivered  to  the  fireman  in  equal  pnopfl^ 
tions,  each  sufficient  for  not  more  than  one  hoiur's  run,  and  a  fresh  pntki 
should  not  be  delivered  until  the  previous  one  has  all  been  fired.    Hk  te  j 
required  to  consume  each  portion  should  be  noted,  the  time  being  reoonkdtf  : 
the  instant  of  firing  the  last  of  each  portion.    It  is  desirable  that  at  the  wm 
time  the  amount  of  water  fed  into  the  boiler  should  be  accuratdy  noted  oi 
recorded,  including  the  height  of  the  water  in  the  boiler,  and  the  annp 
pressure  of  steam  and  temperature  of  feed  during  the  time.    By  thus  reoonif  \ 
the  amount  of  water  evaporated  by  successive  portions  of  coal,  the  test  Hfj 
be  divided  into  several  periods  if  desired,  and  the  degree  of  unifonnity  of  Cifr ; 
bustion,  evaporation,  and  economy  analyzed  for  each  period.    In  addtti 
to  these  records  of  the  coal  and  the  feed- water,  half-hourly  observations  ihorit 
be  made  of  the  temperature  of  the  feed- water,  of  the  flue  gases,  of  the 
air  in  the  boiler-room,  of  the  temperature  of  the  furnace  when  a  furnace  p|nB( 
eter  is  used,  also  of  the  pressure  of  steam,  and  of  the  readings  of  the  i 
ments  for  determining  the  moistiu^  in  the  steam.    A  log  should  be  kqit 
properly  prepared  blanks  containing  columns  for  record  of  the  variott 
tions.     (See  note,  p.  714,  also  p.  716.) 

When  the  ''  standard  method  "  of  starting  and  stopping  the  test  isond, 
hourly  rate  of  combustion  and  of  evaporation  and  the  horse  power  ihorit 
computed  from  the  records  taken  during  the  time  when  the  fires  are  in 
condition.    This  time  is  somewhat  less  than  the  actual  time  whidi 
between  the  beginning  and  end  of  the  run.    The  loss  of  time  due  to 
the  fire  at  the  beginning  and  burning  it  out  at  the  end  makes  this 
necessary. 

XIV  .  Quality  of  Steam.  —  The  percentage  of  moisture  in  the  steam 
be  determined  by  the  use  of  either  a  throttling  or  a  separating  steam 
The  sampling  nozzle  should  be  placed  in  the  vertical  steam  pipe  rising  fntt 
boiler.     It  should  be  made  of  ^-inch  pipe,  and  should  extend  across  the 
eter  of  the  steam  pipe  to  within  half  an  inch  of  the  opposite  side,  bcang 
at  the  end  and  perforated  with  not  less  than  twenty  i-inch  holes 
tributed  along  and  around  its  cylindrical  surface,  but  none  of  these  hoki 
be  nearer  than  i  inch  to  the  inner  side  of  the  steam  pipe.    The  caloi 
and  the  pipe  leading  to  it  should  be  well  covered  with  fdting.    WhcBeii 
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is  of  the  ihroitling  or  separating  calorimeter  show  that  the  percent: 

re  is  iiregular,  or  occasionally  in  excess  of  three  per  cent,  the  resu 

Id  be  checked  by  a  steam  separator  placed  in  the  steam  pipe  as  dose  to  I 

It  as  coQvenienl,  with  a  calorimeter  in  the  steam  pipe  just  beyond  the  o 

1  the  separator.    The  diip  from  the  separator  should  be  caught  a 

[,  and  the  percentage  of  moisture  computed  therefrom  added  to  tl 

nby  the  calorimeter. 

crheating  should  be  determined  by  means  of  a  thermometer  placed  ti 

y  well  inserted  in  the  steam  pipe.    The  degree  of  superheating  should 

ass  the  difference  between  the  reading  of  the  thermometer  for  sup 

ii  steam  and  the  readings  of  the  same  thermometer  for  saturated  steam 

te  pressure  as  determined  by  a  special  experiment,  and  not  by  reCerei 

a  tables.     {See  note,  p.  717.) 

'.  Sampling  tlte  Coal  and  Delermining  its  MoUtttrc.  —  As  each  barr 

K  fresh  portion  of  coal  is  taken  from  the  coal  pile,  a  representative  shov 

k  sdected  from  it  and  placed  in  a  barrel  or  box  in  a  cool  place  and  kt 

ptiie  end  of  the  trial.    The  samples  are  then  mixed  and  broken  into  piei 

le  inch  in  diameter,  and  reduced  by  the  process  of  repeal 

{  and  crushing  until  a  final  sample  weighing  about  five  pounds 

sd.  and  the  size  of  the  larger  pieces  is  such  that  they  will  pass  througl 

i  with  i-inch  meshes.     From  this  sample  two  one-quart,  air-tight  gL 

or  other  air-tight  vessels  which  will  prevent  the  escape 

e  from  the  sample,  are  to  be  promptly  filled,  and  these  samples  are 

D)t  for  subsequent  determinations  of  moisture  and  of  heating  value  a 

malyses.     During  the  process  of  quartering,  when  the  sample  t 

educed  lo  about  100  pounds,  a  quarter  to  a  half  of  it  may  be  taken  for 

late  determination  of  moisture.     This  may  be  made  by  placing  it  ii 

m  iron  pan,  not  over  three  inches  deep,  carefully  weighing  it,  and  setti 

b  in  the  hottest  [Jace  that  can  be  found  on  the  brickwork  of  the  boi 

%  or  llues,  keeping  it  there  for  at  least  12  hours,  and  then  weighing 

nination  of  moisture  thus  made  is  believed  to  be  approximati 

t  tor  anthracite  and  semi-bituminous  coals,  and  also  for  Pittsburg 

>ghcny  coal;  but  it  cannot  be  relied  upon  for  coals  mined  west  of  Pit 

r  coals  containing  inherent  moisture.     For  these  latter  co 

^portant  that  a  man  accurate  method  be  adopted.     The  method  reco 

d  by  the  Committee  for  all  accurate  tests,  whatever  the  character  of  t 

b  described  as  follows: 

e  one  of  the  san^des  contained  in  the  glass  jars,  and  subject  it  to 

ft  air-drying,  by  ipreading  it  in  a  thin  layer  and  exposing  it  for  seve 

Kto  the  atmosphere  of  a  warm  room,  weighing  it  before  and  after,  there 

niDg  the  quantity  of  surface  moisture  it  contains.     Then  crush  t 

t  by  running  it  through  an  ordinary  coffee  mill  adjusted  so  as  to  pi 

Htewhat  coarse  grains  (less  than  A-inch),  thoroughly  mix  the  crush 

.select  from  it  a  portion  of  from  10  to  50  grams,  weigh  it  in  a  baiar 


69S  EXPERIMENTAL  ENGINEERING 

which  will  easfly  show  a  variation  as  small  as  i  part  in  1000,  and  dzy  it  inaadr 
or  sand  bath  at  a  temperature  between  240  and  280  degrees  Fahr.  for  oDehoK- 
Weigh  it  and  record  the  loss,  then  heat  and  wei^  it  again  rq>eatediy,  slii 
terv3is  of  an  hour  or  less,  until  the  minifniim  wei^t  has  been  reached  and  tk 
weight  begins  to  increase  by  oxidation  of  a  portion  of  the  coal.  The  diieRHI 
between  the  original  and  the  minimum  wei^t  is  taken  as  the  moisture  III  Ik ; 
alr-vizieii  coal.  This  moisture  test  should  preferably  be  made  cm  dupKcite 
samples,  and  the  results  should  agree  within  a3  to  0.4  of  one  per  cent,  the  i 
of  the  two  determinations  being  taken  as  the  correct  result  The  sum  of  the 
percentage  of  moisture  thus  found  and  the  percentage  of  surface 
previously  determined  is  the  total  moisture.     (See  note,  p.  717.) 

X\l.    T refitment  of  Ashes  and  Refuse.  —  The  ashes  and  refuse  are  to  k: 
weighed  in  a  dr>-  state.    If  it  is  found  desirable  to  show  the  prindpid  dniio^ 
tens  lies  of  the  ash.  a  sample  should  be  subjected  to  a  proximate  analysi  wH^ 
the  actual  amount  of  incombustible  material  determined.    For  elaborate  tnfe? 
a  complete  analysis  of  the  ash  and  refuse  should  be  made.     (See  note,  p.  71I} 

X\'II.  Calorific  Tests  and  A  nalysis  of  Coal,  —  The  quality  of  the  fuel  dioril 
be  determined  either  by  heat  test  or  by  anal3rsis,  or  by  both. 

The  rational  method  of  determining  the  total  heat  of  combustion  is  to  kOf  j 
the  sample  of  coal  in  an  atmosphere  of  oxygen  gas,  the  coal  to  be  sampled  fl^ 
directed  in  Article  X\'  of  this  code.     (See  Chapter  XIII.) 

The  chemical  analysis  of  the  coal  should  be  made  only  by  an  expert 
The  total  heat  of  combustion  computed  from  the  results  of  the  ultimate  i 
may  be  obtained  by  the  use  of  Dulong's  formula  (with  constants  modified  i 

recent  determinations),  \t2.:  14,540  C-\-  61,050  (^  ""  ^ )+  40<x)  5,  in  wMAj 

C.  //.  O.  and  5  refer  to  the  proportions  of  carbon,  hydrogen,  oxygen,  and: 
phur  respectively,  as  determined  by  the  ultimate  anal3^is.*     (See  note,  p.  71 

It  is  desirable  that  a  proximate  anal3rsis  should  be  made,  thereby  dettf^j 
mining  the  relative  proportions  of  volatile  matter  and  fixed  carbon.  Ttari 
proportions  furnish  an  indication  of  the  leading  characteristics  of  the  fud,  tf^f 
scr\'o  to  fix  the  class  to  which  it  belongs.  As  an  additional  indicati(»of 
characteristics  of  the  fuel,  the  specific  gravity  should  be  determined. 

Will.   - 1  nalysis  of  Flue  Gases.  —  The  analysis  of  the  flue  gases  is  an 
ciall y  valuable  method  of  determining  the  relative  value  of  different  methodll 
firing,  or  of  ditlcrent  kinds  of  furnaces.    In  making  these  analjrses  greats 
should  be  taken  to  procure  average  samples  —  since  the  composition  is  4^.) 
vary  at  different  points  of  the  flue.    The  composition  is  alsp  apt  to  vaiyl 
minute  to  minute,  and  for  this  reason  the  drawings  of  gas  should  last  a 
sidcra]>le  period  of  time.     WTiere  complete  determinations  are  desiied^ 

*  Favrc  and  Silberraan  give  i4,544  B.t.u.  per  pound  carbon;  Bcrthdot,  M 
B.t.u.  Favre  and  Silbcrman  give  62,033  B.t.u.  per  pound  hydrogen;  IlM 
61,816  B.t.u. 
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analyses  should  be  intrusted  to  an  expert  chemist.  For  approximate  deter- 
minations the  Orsat*  or  the  Hempelf  apparatus  may  be  used  by  the  engineer. 
(See  Chapter  XIII  for  treatment  of  methods,  computations,  etc.) 

For  the  continuous  indication  of  the  amount  of  carbonic  add  present  in 
the  flue  gases,  an  instrument  may  be  employed  which  shows  the  weight  of  the 
sample  of  gas  passing  through  it. 

XIX.  Smoke  Observations,  —  It  is  desirable  to  have  a  uniform  system  of 
determining  and  recording  the  quantity  of  smoke  produced  where  bituminous 
coal  is  used.  The  system  commonly  employed  is  to.  express  the  degree  of 
smokiness  by  means  of  percentages  dependent  upon  the  judgment  of  the 
observer.  The  Committee  does  not  place  much  value  upon  a  percentage 
method,  because  it  depends  so  largely  upon  the  personal  element,  but  if  this 
method  is  used,  it  is  desirable  that,  so  far  as  possible,  a  definition  be  given  in 
explicit  terms  as  to  the  basis  and  method  employed  in  arriving  at  the  percent- 
age. The  actual  measurement  of  a  sample  of  soot  and  smoke  by  some  form  of 
meter  is  to  be  preferred.     (See  Chapter  XIII,  under  smoke  determination.) 

XX.  Miscellaneous.  —  In  tests  for  purjx)ses  of  scientific  research,  in  which 
the  determination  of  all  the  variables  entering  into  the  test  is  desired,  certain 
observations  should  be  made  which  are  in  general  unnecessary  for  ordinary 
tests.  These  are  the  measurement  of  the  air  supply,  the  determination  of  its 
contained  moisture,  the  determination  of  the  amount  of  heat  lost  by  radiation, 
of  the  amount  of  infiltration  of  air  through  the  setting,  and  (by  condensation 
of  all  the  steam  made  by  the  boiler)  of  the  total  heat  imparted  to  the  water. 
(See  note,  p.  719.) 

As  these  determinations  are  rarely  undertaken,  it  is  not  deemed  advisable 
to  give  directions  for  making  them. 

XXI.  Calculations  of  Efficiency.  —  Two  methods  of  defining  and  calculating 
the  efficiency  of  a  boiler  are  recommended.     They  are: 

Trrc  •  r  1.L    u  M         Heat  absorbed  per  lb.  combustible 

1.  Efficiency  of  the  boiler  =  7^—,--,; r  -   r  "i. 1 i,-i  * 

Calorific  value  of  i  lb.  combustible 

-nai  •  r  ^i.    L  •!  J        ^       Heat  absorbed  per  lb.  coal 

2.  Efficiency  of  the  boiler  and  grate  =7^^, — .-zr , — —, — r^ 7* 

Calorific  value  of  i  lb.  coal 

The  first  of  these  is  sometimes  called  the  efficiency  based  on  combustible, 
and  the  second  the  efficiency  based  on  coal.  The  first  is  recommended  as  a 
standard  of  comparison  for  all  tests,  and  this  is  the  one  which  is  understood  to 
be  referred  to  when  the  word  "  efficiency  "  alone  is  used  without  qualification. 
The  second,  however,  should  be  included  in  a  report  of  a  test,  together  v^-ith  the 
first,  whenever  the  object  of  the  test  is  to  determine  the  efficiency  of  the  boiler 
and  furnace  together  with  the  grate  (or  mechanical  stoker),  or  to  compare 
different  furnaces,  grates,  fuels,  or  methods  of  firing. 

The  heat  absorbed  per  pound  of  combustible  (or  per  poimd  of  coal)  is  to  be 

♦  See  R.  S.  Hale's  paper  on  "  Flue  Gas  Analysis,"  Transactions,  Vol.  XVTH,  p.  901. 
t  See   Hampers   "  Methods    of   Gas   Analysis,"    translated   by  L.    M.   Dennis 
(Iktfacmillan  k  Co.). 
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XXm.  Report  of  the  Trial,  —  The  data  and  results  should  be  reported 
m  the  manner  given  in  either  one  of  the  two  following  tables,  omitting  lines 
where  the  tests  have  not  been  made  as  elaborately  as  provided  for  in  such  tables.* 
Additional  lines  may  be  added  for  data  relating  to  the  specihc  object  of  the 
test.  The  extra  lines  should  be  classified  under  the  headings  provided  in 
the  tables,  and  niunbered  as  per  preceding  line,  with  subletters  a,  6,  etc.  The 
Short  Form  of  Report,  Table  No.  2,  is  reconmiended  for  commercial  tests  and 
as  a  convenient  form  of  abridging  the  longer  form  for  publication  when  saving 
of  space  is  desirable.f  For  elaborate  trials,  it  is  reconunended  that  the  full 
log  of  the  trial  be  shown  graphically,  by  means  of  a  chart. 


TABLE  NO.  I. 
Data  and  Results  of  Evaporative  Test. 

Arranged  in  accordance  with  the  Complete  Form  advised  by  the  Boiler  Test 
Committee  of  the  American  Society  of  Mechanical  Engineers.     Code  of  1899, 

Made  by of boiler  at to 

determine 

Principal  conditions  governing  the  trial 


Kind  of  fuel 

Kifui  of  furnace.  .  .  . 
State  of  the  weather 


Method  of  starting  and  stopping  the  test  ("standard"  or  "alternate," 
Art.  X  and  XI,  Code,  and  note,  p.  713) 

1 .  Date  of  trial 

2.  Duration  of  trial hours. 


Dimensions  and  Proportions. 

A  complete  description  of  the  boiler,  and  drawings  of  the  same  if  of  unusual 
type,  should  be  given  on  an  annexed  sheet. 

3.  Grate  surface width length area sq.  ft. 

4.  Height  of  furnace ins. 

5.  Approximate  width  of  air  spaces  in  grate *• 

6.  Proportion  of  air  space  to  whole  grate  flur^ 

*  The  items  printed  in  italics  cosxtBptmAt 
t  See  Forms  for  reoMnding  the 
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7.    Wiiter-k^atinf  swrt.ic£  sq.  it. 

S.   Superheating  surt.^cf  

o.   Ratio  of  -Aater-heatinff  surface  to  eiate  smxace —  -:o  i . 

10.   Ratio  or  minimum  aratt  area  to  giaxe  snixace :to  — 


.1  senile  Pressuwes. 

r I.  Steam  pr^ssur^  ^v  ^auee      .  .  .  Ihs.  per  sq. 

12.  F'^rr,-  .>f"  ifiU  ■^f'tzoeen  4*imper  :»d  hoiier  -n^   u-i  -va; 

i\.  Forre.ir  iratt  in  rumace  ... 

14.  Force  01  "iratt  .'r  hiast  in  ashoit.    .  .  


izera^e  Tcmperatwres. 

:-.  ''»f  ••Ttemal  ur 

:6.  ■>'  nrem«im 

:-.  'X  stenm 

i"^  'X  'eerl  A-arer  '.-nTii-nne  heater 

IT.  '  tf  r'erd -vnter '-r.renne  cimnomizer 

Zi  V.T,-.;y>nr?  .•Javt  -rnipf  •  (}ti*'r 

22.  ^i  '-scaninff  ;iasi*s   mm  t.-cnnomizer. 


^* 


•  \'    -'.r^**  '  •■ill'  ^l-*"        T        ■iTH'-'^iT     --^rt 

r  J*    '■'•••■..■       r--  '   "* 

■      ■'        :.     ■"  :41m.;  h^ 


■      .« • 


'■  '.     ■'      "l-^»* 


J'  '  '^.      .  .  ,»- 


-    ■      .    ■  p 


'  :-,•  :*'■-_-  -  :;  ^r:  • .  ■.  .^e-:  -  i jnrizi:  * zc  ire.  not  indiidxiijf  unbum  "ii 
-^'■'^'"!-v—  -  "-  .7-.  •'.''-  .-  .mei  '.^-cr.ir.z  .zc  .:  .^nd  ■■•i  -.est.  (3iie  poinxi  t  r.y^ 
;■■,:-.-.-  ^  w-  ■-,,  •  ■   :  .i    *-.r-:        -.-.i..    r    z    c-se  greater  acroisnr  is  li^nrt:.  i» 

."■>• '"J  •-  "•*'!*     ■■;■  .'*  '-".  .T -ii^r-         f.r^   ■*.  .r^^nmcn    -t   •  jounda  oi 
:-- '    '.'^rr:-^-  -*t -jrt:r-.i  .-:..  =  •-::::  3.:.-.      The  tcm  "^ as  ami " 

.ti    ij-TMi    -"r^^iriVn     'nr'-.-i'lir?  Tif-i^T:;,-? 

■  7r i -  -  ■  r»*» :  ■■^mj  y\*-  i -t  ur** :  n  •  he  ■  i^  is  ro'jza  "jy  lii^.iu^  it  anii 
in  .A^.  IC  -f  Ov*c       Note,  d.  -:-. 
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Proximate  Analysis  of  Cod. 


32.  Fixed  carbon. . 

33.  Volatile  matter 

34.  Moisture 

35-  Ash 


36.  Sulphur,  separately  determined 


Of  Coal. 

Of  Combustible. 

percent. 

per  cent. 

tt 

tt 

it 

tt 

100  per  cent. 

100  per  cent. 

per  cent. 

per  cent. 

UUimatc  Analysis  of  Dry  Coal. 
(Art.  XVn,  Code.) 

Of  Coal.        Of  Combustible. 

37.  Carbon  (C) per  cent.  per  cent. 

38.  Hydrogen  (H) 

39.  Oxygen  (O) 

40.  Nitrogen  (N) 

41.  Sulphur  (S) 

42.  Ash 


((  tt 

it  tt 

tt  tt 

it  it 


tt 


100  per  cent.    100  per  cent. 

43.  Moisture  in  sample  of  coal  as  received per  cent.         per  cent. 

Analysis  of  Ash  and  Refuse. 

44.  Carbon per  cent. 

45.  Earthy  matter " 

Ftiel  per  Hour. 

46.  Dry  coal  consumed  per  hour lbs. 

47.  Combustible  consumed  per  hour 

48.  Dry  coed  per  square  foot  of  grate  surface  per  hour 

49.  Combustible  per  square  foot  of  water-heating  surface  per  hour 


tt 


Calorific  Value  of  Fuel. 

(Art.  XVII,  Code.) 

50.  Calorific  value  by  oxygen  calorimeter^  per  lb.  of  dry  coal B.t.u. 

51.  Calorific  value  by  oxygen  calorimeter ^  per  lb.  of  combustible. . . 

52.  Calorific  value  by  analysis,  per  lb.  of  dry  coal  * 

53.  Calorific  value  by  analysis,  per  lb.  of  combustible 


tt 
tt 
tt 


Quality  of  Steam 

54.  Percentage  of  moisture  in  steam per  cent. 

55.  Number  of  degrees  of  superheating deg. 

56.  Quality  of  steam  (dry  steam  =  unity) 

*  See  formula  for  calorific  value  under  Article  XVII  of  Code,  and  note,  p.  719. 


4< 


704  EXPERIMENTAL  ENGINEERIXG 

Water. 

57.  ToUU  vtigki  afwaUrfed  So  boiler* Ib& 

58.  Eqnivaknt  water  fed  to  boQer  from  and  at  212 

59.  Water  actually  eva paroled,  corrected  for  quality  of 

60.  Factor  of  evaporation  t "^ 

61.  Equivalent  water  evaporated  into  dry  steam  ^ooi  and  at  Ob& 

212  degrees.^    (Item  59  X  Item  60.; 

Waler  per  Hour. 

62.  Water  evaporated  per  hour,  corrected  for  quality  of 
^  Equivalent  evaporation  per  hour  from  and  at  212  degrees^ 

64.  Equit*3lent  evaporation  per  hour  from  and  at  212  de^ms 

square  foot  of  -ivater-heating  surface  J    

Horse  Power. 

65.  Horse  power  developed.     (34  i  lbs.  of  tcater  evaporated  per 

into  dry  stedm  from  and  at   212  dep'ees.  equals 

power. )\ HJ*. 

66.  Builders'  rated  horse  power - 

67.  Percentage  of  builders'  rated  horse  power  developed per  cent. 

Economic  Results. 

6S.    Water  apparently  evaporated  under  actual  conditions  per  pommd 

of  co*il  as  fired.     (Item  57  -^  Item  25. [bs. 

69.  E/iukaUnt  ev^iporition  fr&m  and  zi  212  dtrr-ifs  per  pound  of 

cO'il  ds  fired. X     ^IU:m  61   -^  I:<m  25. 

70.  Equivalent  evaporation  from  ifui  zt  212  dc^rtres  per  pound  of 

dry  coal.l     '  Ittm  61  -^  Item  27.1 

71.  Enti'-alent  e'japoratinn  from  and  at  212  decrees  per  pound  of 

combust iUt.i      Item  61  -^  Item  30.       . 

:If  the  equivalent  evaporation.  Items  6«d.  70.  and  71.  b  not 
corrected  for  the  quality  of  steam,  the  fact  should  be 
stated.' 

•  Corret:ted  for  inequality  of  -^niter  level  and  of  steam  pressure  at  beginning  and 
end  oi  test. 

t  Factor  of  evaporation  =  in  which  H  and  h  are  rcspectK-elv  the  toul 

0*"'  ^  •  7 

heat  in  steam  of  the  a\era^e  observeiJ  pressure,  and  in  water  of  the  average  obsenxd 
temperature  of  the  ieed.      See  note.  p.  7:2.  tor  a  discussion  of  Items  60  and  61.' 

t  The  symbol  "  U.E.."  meaning  "  Units  of  E\-aporation.**  may  be  CDoveniendv  sub- 
stituted for  the  expres>ion  "  Equivalent  ^-ater  evaporated  into  dry  steam  from  and 
at  212  decrees.''  its  definition  bdnc:  given  in  a  footnote. 

§  Held  to  be  the  equivalent  ot  30  pounds  of  water  po"  hour  ev^x)cmted  bom 
100"  F.  into  dr>'  steam  at  70  pounds  gauge  pressure. 
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Efficiency, 
(Art.  XXI,  Code,  and  note,  p.  719.) 

72.  Efficiency  of  the  boiler;  heat  absorbed  by  the  boiler  per  pound 

of  combustible  divided  by  the  heat  value  of  one  pound  of  com- 
bustible * per  cent. 

73.  Efficiency  of  boiler y  including  the  grate;  heat  absorbed  by  the 

bdilerj  per  pound  of  dry  coal,  divided  by  the  heat  value  of  one 
pound  of  dry  coal " 

Cost  of  Evaporation. 

74.  Cost  of  coal  per  ton  of pounds  delivered  in  boiler-room. .  $ 

7  5 .   Cost  of  fuel  for  evaporating  1 000  lbs.  of  water  under  observed 

conditions $ 

76.  Cost  of  fuel  for  evaporating  1000  lbs,  of  water  from  and  at  212 

degrees , $ 

Smoke  Observations, 

77.  Percentage  of  smoke  as  observed per  cent. 

78.  Weight  of  soot  per  hour  obtained  from  smoke  meter oimces. 

79.  Volume  of  soot  per  hour  obtained  from  smoke  meter cub.  in. 

Methods  of  Firing, 

80.  Kind  of  firing  (spreading,  alternate,  or  coking) 

81.  Average  thickness  of  fire 

82.  Average  intervals  between  firings  for  each  furnace  during 

time  when  fires  are  in  normal  condition 

2>2,.  Average  interval  between  times  of  levelling  or  breaking  up. 

Analyses  of  the  Dry  Gases. 

84.  Carbon  dioxide  (CDs) per  cent. 

85.  Oxygen  (O) 

86.  Carbon  monoxide  (CO) 

87.  Hydrogen  and  hydrocarbons 

88.  Nitrogen  (by  difference)  (N) 

100  per  cent. 

*  In  all  cases  where  the  word  combustible  is  used,  it  means  the  coal  without  mois- 
ture and  ash,  but  including  all  other  constituents.  It  is  the  same  as  what  is  called 
in  Europe  "  coal  dry  and  free  from  ash." 
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TABLE  NO.   2. 

Data  and  Results  of  Evaporative  Test. 

Arranged  in  accordance  with  the  Short  Form  advised  by  the  Boiler  Test  Com- 
mittee of  the  American  Society  of  Mechanical  Engineers.    Code  of  1899. 

Made  by .on boiler,  at to 

determine : 

Kind  of  fuel 

Kind  of  furnace 

Method  of  starting  and  stopping  the  test  ("standard"  or  "alternate,'' 
Art.  X  and  XI,  Code) 

Grate  surface aq.  ft. 

Water-heating  surface " 

Superheating  surface ** 

Total  Quantities, 

1.  Date  of  trial 

2.  Duration  of  trial horns. 

3.  Weight  of  coal  as  fired  * lbs. 

4.  Percentage  of  moisture  in  coal  * per  cent. 

5.  Total  weight  of  dry  coal  consumed lbs. 

6.  Total  ash  and  refuse ** 

7.  Percentage  of  ash  and  refuse  in  dry  coal per  cent 

8.  Total  weight  of  water  fed  to  the  boiler  * lbs. 

9.  Water  actually  evaporated,  corrected  for  moisture  or  super- 

heat in  steam • " 

10.   Equivalent  water  evaporated  into  dry  steam  from  and  at  212 
degrees*  


<c 


II 

12 
15 


Hourly  Quantities, 

Dry  coal  consumed  per  hour lbs. 

Dry  coal  per  square  foot  of  grate  surface  per  hour 

Water  evaporated  per  hour  corrected  for  quality  of  steam  . 

Equivalent  evaporation  per  hour  from  and  at  212  degrees  *. 

Equivalent  evaporation  per  hour  from  and  at  212  degrees 

per  square  foot  of  water-heating  surface  * 

*  See  footnotes  of  Complete  Form. 
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Average  Pressures^  Temperatures,  etc, 

16.  Steam  pressure  by  gauge lbs.  per  sq.  in. 

17.  Temperature  of  feed  water  entering  boiler deg. 

i8.   Temperature  of  escaping  gases  from  boiler " 

19.  Force  of  draft  between  damper  and  boiler ins.  of  water. 

20.  Percentage  of  moisture  in  steam,  or  number  of  degrees  of 

superheating per  cent  or  deg. 

Horse  Power, 

21.  Horse  power  developed.     (Item  14  -^  34}.)  * H.P. 

22.  Builders'  rated  horse  power " 

23.  Percentage  of  builders'  rated  horse  power  developed per  cent. 

Economic  Results. 

24.  Water  apparently  evaporated  under  actual  conditions  per 

pound  of  coal  as  fired.     (Item  8  -^  Item  3.) lbs. 

25.  Equivalent  evaporation  from  and  at  212  degrees  per  pound 

of  coal  as  fired.*    (Item  10  -r  Item  3.) 

26.  Equivalent  evaporation  from  and  at  212  degrees  per  pound 

of  dry  coal.*    (Item  10  -?-  Item  5.) 

27.  Eiquivalent  evaporation  from  and  at  212  degrees  per  poimd 

of  combustible.*    [Item  10  -s-  (Item  5  —  Item  6.)] 

(If  Items  25,  26,  and  27  are  not  corrected  for  quality  of 
steam,  the  fact  should  be  stated.) 

Efficiency. 

28.  Calorific  value  of  the  dry  coal  per  pound B.t.u. 

29.  Calorific  value  of  the  combustible  per  pound " 

30.  Efficiency  of  boiler  (based  on  combustible)  * per  cent. 

31.  Efficiency  of  boiler,  including  grate  (based  on  dry  coal) 

Cost  of  Evaporation. 

32.  Cost  of  coal  per  ton  of lbs.  delivered  in  boiler-room  . . 

33.  Cost  of  coal  required  for  evaporating  1000  poimds  of  water 

from  and  at  212  degrees 

*  See  footnotes  of  Compiete  Forms. 
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360.  Notes  on  flie  Rules.  —  Rule  I.  Appendix  11  states  tk 
possible  objects  of  the  test  at  greater  length,  and  is  quoted  in  foB. 

In  preparing  for  and  conducting  trials  of  steam  boilers,  the  special  object 
of  the  proposed  trial  should  be  dearly  defined  and  steadily  kept  in  view. 

1.  If  it  be  to  determine  the  efficiency  of  a  given  style  of  boiler  or  d  boSff 
setting  under  normal  conditions,  the  boiler,  brickwork,  grates,  dampers,  fbm, 
pipes,  in  short,  the  whde  apparatus,  should  be  carefully  examined  and  accont^f 
described,  and  any  variation  from  a  normal  condition  should  be  remedied  I 
possible,  and  if  irremediable,  dearly  described  and  pointed  out. 

2.  If  it  be  to  ascertain  the  condition  of  a  given  boiler  or  set  of  boflers  vitiia 
N-iew  to  the  improvement  of  whatever  may  be  faulty,  the  conditions  actniil^ 
existing  should  be  accuratdy  observed  and  dearly  described. 

3.  If  the  object  be  to  determine  the  relative  value  of  two  or  more  Idndid  ^ 
coal,  or  the  actual  value  of  any  kind,  exact  equality  of  conditions  ahonkll 
maintained  if  possible,  or,  where  that  is  not  i»acticable,  all  variations  shoidd  I 
duly  allowed  for. 

4.  Only  one  variable  should  be  allowed  to  enter  into  the  problem;  or,  m 
the  entire  exdusion  of  disturbing  variations  cannot  usually  be  effected,  tk/i 
should  be  kept  as  dosdy  as  possible  within  narrow  limits,  and  allowed  for  irifll 
all  possible  accuracy. 

Rule  IL  Appendix  X  specifies  in  detail  the  dimensions  andditft;^ 
that  should  be  taken  and  is  quoted  in  full. 

The  report  should  indude  a  complete  description  of  the  bofler,  idiidi,ft] 
special  boilers,  should  be  written  out  at  length,  but  generally  can  conveoieiltf^ 
be  presented  in  tabular  form  substantially  as  follows: 

T\'pe  of  boiler. 

Diameter  of  sheU. 

Length  of  sheU. 

Number  of  tubes. 

Diameter  of  tubes. 

Length  of  tubes. 

Diameter  of  steam  drum. 

Width  of  furnace. 

Length  of  furnace. 

Kind  of  grate  bars. 

Width  of  air  spaces  (in  grate  bars). 

Ratio  of  area  of  grate  to  area  of  air  spaces. 

Area  of  chimney. 

Height  of  chimney. 

Length  of  flues  connecting  to  chimney. 
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Area  of  flues  connecting  to  chimney. 
Grate  surface. 

fWater 
Heating  surface  i  Steam 

[Total 
Area  of  draft  through  or  between  tubes. 
Ratio  grate  to  heating  surface. 
Ratio  draft  area  to  grate. 
Ratio  draft  area  to  total  heating  surface. 
Water  space. 
Steam  space. 

Ratio  grate  to  water  space. 
Ratio  grate  to  steam  space. 

Ride  IV.  It  is  an  easy  matter  to  test,  with  the  same  kind  of 
coal,  different  boilers  which  are  to  be  compared  in  regard  to  efficiency 
or  capacity.  All  that  wotild  appear  to  be  necessary  to  specify  the 
coal  is  that  it  shotild  be  a  good  grade  of  its  kind.  To  attempt  to 
say  what  is  "  commercially  standard '^  coal  might  lead  to  difficulties. 

In  most  practical  cases  a  buyer  of  boilers  would  naturally  desire 
to  use  the  coal  most  common  in  his  neighborhood,  that  being  the 
kind  which  he  can  obtain  at  least  cost,  and  will  certainly  call  for 
guarantees  of  efficiency  or  capacity  based  upon  this  coal.  This 
fact  at  once  disposes  of  the  matter  of  choice  of  coal.  In  order  to 
prevent  misunderstandings  and  possible  litigation,  the  kind  of 
coal  should  be  specified,  and  if  possible  the  proximate  analysis, 
including  the  heat  value  of  the  coal,  should  be  distinctly  specified 
in  every  boiler  guarantee. 

Rule  V.  —  For  details  concerning  measurement  of  water  and 
calibration  of  apparatus,  see  Chapters  VI,  VII,  and  XII. 

Ride  VIL  The  provision  requiring  the  disconnecting  or  blank 
flanging  of  all  water  connections  and  blow-off  pipes,  except  the  pipe 
through  which  the  boiler  receives  its  feed  water,  should  be  followed 
to  the  letter  whenever  possible.  There  are  now  and  then  cases 
in  practice,  however,  where,  imder  the  circumstances  existing,  this 
is  not  possible.  There  are  also  cases  in  which  it  is  desired  to  test 
a  boiler  plant  in  the  then  existing  conditions  and  where  the  deter- 
mination of  the  losses  through  leaky  blow-off  cocks,  leaky  tubes,  etc., 
is  a  part  of  the  test.    In  such  cases  the  amoimt  of  such  loss  can  be 
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determined  by  makii^  what  is  called  a  "  leakage  test  "  at  tlu' 
of  the  main  test. 

To  make  this  test,  proceed  as  follows:  Previous  to  the  1 
fasten  behind  each  gauge  glass  a  scale  which  can  be  read  ts 
least  .OS  inch.  Just  after  the  main  test  is  completed,  dose 
of  the  outlets  from  the  boiler  or  battery  through  feed  water 
steam  connections,  and  have  the  pressure  maintained  const*aI 
the  working  pressure  by  proper  manipulation  of  the  drafts.  (] 
serve  the  water  level  for  at  least  an  hour,  taking  the 
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at  first,  say  every  minute  and  later  on  every  two  or  three  i 
depending  upon  how  rapidly  the  water  level  sinks.  Plot  a  OD^ 
between  scale  reading  and  time.  This  will  usually  be  of  the  fl 
shown  in  Fig.  489.  the  rapid  drop  from  a  to  6  being  in  part  duelol 
natural  shrinking  of  the  \olume  of  water  as  active  ebullition (04 
The  more  nearly  straight  part  he  represents  true  leakage.  1 
leakage  in  the  lime  represented  by  b'c  will  then  be  equal  ta- 
inches.  Or  ch'  may  be  prolonged  back  to  a',  in  which  caff  ■' 
represents  the  inches  of  leakage  per  hour.  What  this  amcM 
in  pounds  depends  upon  the  size  of  the  steam  drum  and  iqw 
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location  of  the  gauge  glass  with  reference  to  the  center  line  of  the 
drum.  In  computing  the  leakage  in  pounds,  the  temperature 
correction  should  not  be  forgotten,  since  the  volume  of  water 
leaking  out  is  at  the  temperature  corresponding  to  the  steam 
pressure. 

In  guarantee  tests  the  leakage  correction  should  not  amount  to 
more  than  one  or  two  per  cent  of  the  total  water  evaporated.  If 
it  does,  one  should  either  be  absolutely  certain  of  this  correction, 
or  the  boiler  should  be  put  in  proper  shape  and  retested. 

Rides  IX,  X,  and  XL  The  "  standard  ''  method  of  starting 
and  stopping  a  test,  although  defended  by  some  engineers,  is 
strongly  criticized  by  the  majority,  and  the  **  alternate  "  method 
is  to-day  the  one  most  used.  Professor  Wm.  Kent,  in  Appendix 
XXXVI  to  the  Code,  briefly  compares  the  two  methods  and  also 
warns  against  some  possible  errors  in  the  use  of  the  alternate 
method,  both  with  regard  to  the  condition  of  the  fire  and  the  in- 
fluence of  the  latter  upon  the  movements  of  the  apparent  water 
level. 

Of  the  two  methods  of  starting  and  stopping  a  test,  the  so-called  "  stand- 
ard "  method  and  the  "  alternate  "  method,  the  writer  prefers  the  latter, 
believing  that  the  errors  in  the  estimation  of  the  quantity  and  condition  of  the 
small  amount  of  coal  left  on  the  grate  after  cleaning  are  less  than  the  errors  of 
the  "  standard  "  method,  which  are  due  first,  to  cooling  of  the  boiler  at  the 
beginning  and  end  of  the  test;  second,  to  the  imperfect  combustion  of  the  fuel 
at  the  beginning;  and  third,  to  excessive  air  supply  through  the  thin  fire  while 
burning  down  before  the  end  of  the  test. 

A  special  caution  is  needed  against  a  modification  of  the  '*  alternate  " 
method,  which  has  been  adopted  by  some  testing  engineers  within  the  past  few 
years.  It  consists  in  taking  the  starting  and  the  stopping  times  each  at  a  time 
subsequent  to  the  cleaning,  say  after  400  poimds  of  coal  has  been  fired  since 
the  cleaning.  There  are  two  sources  of  serious  error  in  this  method,  one  causing 
an  incorrect  measurement  of  the  coal,  the  other  an  incorrect  measurement  of 
the  water.  Suppose  200  pounds  of  hot  coke  are  left  on  the  grate  at  the  end  of 
cleaning  and  400  pounds  of  fresh  coal  are  added  by  the  end  of,  say,  half  an  hour 
after  cleaninfij.  If  the  coal  left  at  the  end  of  the  cleaning,  and  the  boiler  walls 
also,  arc  very  hot,  and  the  coal  is  hiehly  volatile  and  dr\',  and  the  pieces  of 
such  size  as  not  to  choke  the  air  suddIv.  the  fire  mav  bum  so  briskly  that  at 
the  end  of  the  half  hour  the  fuel  value  of  the  partly  burned  coal  left  out  of  the 
total  600  pounds  is  equivalent  only  to  200  pounds  of  coal.  If,  on  the  contrary, 
the  hot  coke  on  the  grates  at  the  end  of  the  cleaning,  and  the  boiler  walls,  are 
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It  should  be  steadily  kept  in  miad  that  the  principal  observations  to  be  made 
are  the  quantities  of  coal  consumed  and  of  water  evaporated.  If  these  quanti- 
ties are  ascertained  accurately,  and  the  conditions  made  the  same  at  the 
beginning  and  end  of  test,  the  most  important  requisites  of  a  boiler  trial  will  be 
secured.  Other  observations  have  their  value  both  for  scientific  and  practical 
purposes,  but  arc  in  most  cases  subsidiary. 

Boiler  tests  are  often  undertaken  with  insufficient  apparatus  and  assistance. 
It  is  passible  for  a  stugle  person  to  test  one  boiler,  or  even  several  in  a  battery, 
but  it  requires  a  great  deal  of  labor  to  do  so,  and  in  many  cases  such  persons 
would  be  so  fatigued  as  to  be  liable  to  make  a  simple  error  vitiating  the  results. 
He  would,  moreover,  at  no  time  be  able  to  give  proper  oversight  to  the  test 
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so  as  to  prevent  accidental  or  unauthorised  interferences.  It  b  very  desirable, 
in  fact  almost  indispensable,  that  an  assistant  be  detailed  to  weigh  the  caal, 
and  another  to  weigh  or  measure  the  water;  it  calorimeter  tests  are  to  be  under- 
taken, still  another  assistant  should  be  provided.  The  engineer  in  charge  is 
then  left  free  to  oversee  the  work  of  all,  and  relieve  either  temporarily  when 
necessary.  Engineers  are  frequently  called  upon  to  make  boiler  trials  in 
connection  with  parties  whose  interests  are  antagonistic  to  a  fair  test,  and 
frequently  the  voluntary  assbtance  of  busybodies  is  likely  to  produce  errors 
in  the  results.  It  is  therefore  essential  to  have  trustworthy  assistants,  and 
those  of  sufficient  caliber  not  to  be  confused  by  interested  parties,  who  will 
frequently  endeavor  in  the  most  plausible  manner  to  make  out  that  a  certain 
measure  of  coal  has  already  been  tallied,  or  that  a  certain  tank  of  water  has 
not  been  tallied. 

In  the  first  engine  trials  at  the  American  Institute  Exhibition  (1869),  in  the 
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made  of  the  amounts  of  water  and  coal  supplied  during  every  ten 
or  fifteen  minute  interval,  and  of  the  amount  of  refuse  coming 
through  the  grates  every  half  hour.  The  curves  of  "  total  water," 
''  total  coal,"  and  "  total  refuse  "  against  time  are  then  to  be 
plotted.  The  rates  are  to  be  found  from  the  slopes  of  these  curves, 
using  those  portions  which  are  straight  lines,  and  leaving  out  the 
curv'ed  end  portions  where  the  boiler  was  heating  up  or  cooling  off. 
In  working  up  the  test  the  other  observations,  as  steam  pressure, 
quality,  feed  temperature,  flue  temperature,  etc.,  are  to  be  averaged 
and  used  only  for  that  period  of  time  within  which  the  coal,  water, 
and  refuse  curves  are  straight  lines.  The  "  end  conditions  "  need 
not  be  considered;  their  effects  are  eliminated  by  the  determination 
of  rates. 

Rule  XIV.  For  a  discussion  of  the  methods  of  determining 
moisture  in  steam,  see  Chapter  XTV. 

The  specific  heat  of  superheated  steam  has  now  been  determined 
with  sufficient  accuracy  to  allow  of  satisfactory  determination  of 
the  total  heat  of  superheated  steam,  see  Chapter  XL  It  is  advo- 
cated in  the  Code  and  in  Appendix  XIX  to  determine  the  range 
of  superheat  by  finding  the  normal  or  saturation  temperature  of 
the  steam  by  a  special  experiment,  taking  a  reading  of  the  thermom- 
eter when  the  fires  are  dull  and  superheat  has  disappeared.  This 
method  certainly  has  the  advantage  of  doing  away  with  the  cali- 
bration of  the  thermometer  with  its  attendant  difficulty  of  dupli- 
cating the  conditions  of  immersion  of  bulb  and  stem,  surrounding 
air  temperature,  etc.  The  average  steam  pressure,  however,  must 
be  exactly  duplicated  and  maintained  during  the  experiment,  which 
may  not  be  an  easy  matter.  With  the  error  of  the  steam  gauges 
known,  direct  reference  to  the  steam  table  for  the  saturation  tem- 
perature is  now  probably  of  sufficient  accuracy. 

Rule  XV,  Of  the  two  methods  given  for  the  determination  of 
moisture  in  coal,  the  first  must  be  held  distinctly  unreUable  and 
in  most  cases  useless.  In  the  first  place,  an  approximate  deter- 
mination is  not  what  is  wanted.  In  the  second  place,  considering 
the  sources  of  error  involved  and  the  usual  }ack  of  f* 
boiler  houses  for  making  close  weighiii|;s,  grave 
exist  concerning  the  degree  of  approximation. 
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Regarding  the  second  method  of  determination,  see  Chapter XHL 

Rule  XVI.     It  is  perhaps  not  superfluous  to  point  out  that  | 
the  correct  determination  of  the  "  ash  "  (total  ash  and  refuse  ii  ' 
the  tables  below)  made  during  the  test  is  not  so  simple  a  matter  as 
ii  would  appear  at  first  sight,  especially  if  the  alternate  method ci 
starting  and  stopping  is  used.     The  entire  matter  of  course  res& 
on  the  correct  estimation  of  the  condition  of  the  fire  at  begiiBiin! 
and  end  of  test,  and  this  in  turn  is  largely  a  matter  of  experience. 
The  accurate  determination  of  the  ash  weight  is  of  particultf 
importance  where  the  efficiency  of  the  furnace,  which  may  be  rf 
special  t\pe,  is  at  issue,  or  where  a  heat  balance  as  nearly  conect 
as  possible  must  be  established. 

The  coal  analysis  of  course  shows  the  absolute  minimum  of  vk 
that  can  be  obtained  on  a  test.  But  since  no  grate  is  perfect,  the« 
should,  in  most  cases,  be  more** ash''  than  the  analysis  shows, due 
to  unbumed  carbon  dropping  through.  It  may,  however,  happa 
that  the  coal  is  of  such  a  nature  that,  under  the  draft  conditioM 
existing,  a  part  of  it  or  of  its  ash  may  be  carried  along  withdM 
gases  for  some  distance  and  deposited  in  the  passes  or  in  the  cott 
bust  ion  chamber.  If  this  action  is  suspected,  pro\'ision  should  h 
made  for  determining  the  weight  and  composition  of  material  at 
carrietl  over. 

In  establishing  the  heat  balance  it  becomes  necessary  to  dettf 
mine  tlie  ctMiihustible  still  remaining  in  the  ash.  The  best  wayd 
doin*::  this  is  bv  analysis.  The  scheme  sometimes  used  of  sub 
tractiiig  the  percentage  of  true  ash  shown  by  the  coal  on  analyst 
from  the  percentage  of  ash  and  refuse  in  the  tests  and  calling th 
dilTerunre  the  carbon  lost  in  **  ash,"  may  or  may  not  be  conat 
dq>cndin;j^  upon  how  accurately  the  "  ash  "  was  determined  onth 
test.  Trovided  the  latter  is  correct,  the  results  of  the  two  method! 
for  carbon  in  "ash''  sliould  be  the  same,  and  in  that  soise  th 
carbon  in  "ash"  as  found  from  the  analysis  may  be  used  as* 
indication  of  the  degree  of  accuracy  of  the  '*ash"  determinatki 
on  test. 

Assuming  that  the  combustible  part  of  the  refuse  is  caita 
there  are  two  ways  of  determining  this  combustible.    Either 
chemical  determination  of  the  carbon  is  made  by  one  of  the  usa 
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methods,  or  the  carbon  may  be  burned  out  in  the  calorimeter,  when 
the  heat  developed  divided  by  the  heating  value  of  carbon  should 
give  the  amoimt  of  carbon  the  sample  contained.  It  may  be 
difficult  to  keep  the  sample  burning  in  the  calorimeter,  even  in  an 
atmosphere  of  oxygen,  in  which  case  the  expedient  of  mixing  the 
ash  with  a  certain  proportion  of  some  known  combustible  may  be 
used. 

Ride  XVII.  The  applicability  of  Du  Long's  or  any  similar 
formula  to  all  grades  of  coal  without  any  differentiation  is  a  dis- 
puted question.  It  seems  certain,  however,  that  the  method  of 
computing  heating  values  from  analyses  should  be  used  only  with 
great  caution  in  the  case  of  bitmninous  or  semi-bituminous  coals. 
See  Chapter  XIII  for  more  detailed  discussion  of  this  matter,  and 
of  the  making  of  coal  analyses  in  general. 

Ride  XX.  Condensation  of  the  steam  is  not  in  this  case  an 
accurate  method  of  obtaining  the  total  heat  imparted  to  the  water. 

Rules  XXI,  XXII y  and  the  Tables.  The  subject  matter  of 
these  rules  is  closely  connected  with  the  interpretation  of  the 
meaning  of  some  of  the  items  in  the  tables.  It  will  therefore  be 
best  to  consider  them  together. 

The  value  965.7  B.t.u.  given  in  the  Code  (Rule  XXI)  for  the 
heat  of  vaporization  per  poimd  of  water  from  and  at  212°  F.,  has 
been  changed  to  970.4  B.t.u.  by  recent  accurate  researches,  and 
this  is  the  figure  that  should  be  employed. 

The  formula  for  "  Efficiency  of  Boiler  and  Grate  *'  in  the  same 
rule  does  not  state  whether  coal  as  fired  or  dry  coal  is  used  as  the 
basis  of  the  computation.  It  is  however  shown,  by  Item  73  of 
Table  No.  i,  and  Item  31  of  Table  No.  2,  that  the  computation 
is  to  be  based  on  dry  coal. 

Appendix  XX  of  the  Code  states: 

"  When  the  object  of  a  boiler  test  is  to  determine  its  efficiency  as  an  ab- 
sorber of  heat,  or  to  compare  it  with  other  boilers,  the  efficiency  based  on  com- 
bustible is  the  one  which  should  be  used;  but  when  the  object  of  the  test  is  to 
determine  the  efficiency  of  the  combination  of  the  boiler,  the  furnace,  and  the 
grate,  the  efficiency  based  on  coal  must  necessarily  be  used." 

Every  engineer  will  in  general  agree  with  the  distinction  made  in 
this  statement,  but  some  disagreement  of  opinion  exists  whether 
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is  separately  computed.  Unless  some  attempt  is  made  to  deter- 
mine the  distribution  of  the  radiation  losses  between  furnace  and 
boiler  proper,  the  furnace  efficiency  may  be  expressed  as  the  ratio 
of  boiler  and  grate  eflSciency  to  boiler  eflSdency. 

The  Code  itself  calls  the  Heat  Balance  given  in  Rule  XXII 
**  approximate/'  and  this  is  certainly  true  concerning  several  of  the 
items,  notably  Item  4.  The  heat  balance  given  is  based  upon 
combustible,  but  it  is  much  more  common  to  base  it  upon  the  coal 
as  fired,  because  the  method  gives  a  much  clearer  insight  into 
what  becomes  of  the  heat  in  the  coal  supplied  to  the  boiler.  Further, 
such  a  heat  balance  is  more  rational  in  that  it  considers  the  boiler 
as  a  whole  and  thus  analyzes  the  performance  not  only  of  the  steam 
generator  itself  but  also  of  the  furnace,  which  is  naturally  what  is 
desired  in  most  cases. 

A  complete  heat  balance  should  state  the  following  items: 

1.  Heat  loss  through  incomplete  combustion. 

(a)  Loss  of  fuel  through  grate  and  over  bridge  wall. 

(b)  Loss  of  combustible  in  chinmey  gases. 

2.  Loss  in  sensible  heat  in  the  flue  gas,  except  that  due  to 
moisture. 

3.  Heat  loss  due  to  moisture  in  the  flue  gas. 

(a)  Moisture  in  coal  as  fired. 

(b)  Moisture  formed  from  combustion  of  hydrogen  in  fuel. 

(c)  Moisture  as  humidity  in  air  used. 

4.  Heat  losses  due  to  radiation  and  other  losses  imaccounted  for. 

5.  Heat  absorbed  in  steam. 

For  a  complete  discussion  of  the  method  of  computing  the  heat 
quantities  for  Items  i  to  3  inclusive,  see  pp.  531  to  538,  Chapter 
XIII.  Item  4  is  obtained  by  the  difference  between  the  heating 
value  of  the  fuel  as  fired  and  the  sum  of  the  rest  of  the  items. 
Item  5  must  be  accurately  computed,  and  is  in  all  cases  equal  to 
(xr  +  q  —  q  oi  feed)  B.t.u.  times  the  niunber  of  pounds  of  water 
evaporated  per  pound  of  fuel  as  fired. 

The  items  of  Table  No.  i  are  in  most  cases  self-explanatory  in  the 
light  of  the  provisions  of  the  Code,    f  '  ♦^icm  call  for 

explanation  or  comment. 
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where  the  numerator  expresses  the  heat  above  feed- water  tempera- 
ture in  a  pound  of  steam  as  actually  made.  970.4  is  the  expendi- 
ture of  heat  that  would  have  been  necessary  to  generate  one  pound 
of  dry  steam  if  the  feed- water  temperature  had  been  212  degrees 
and  the  temperature  of  the  steam  made  finally  also  212  degrees 
(hence  the  term  "from  and  at  212  degrees*')-  Hence  the  factor 
expresses  the  number  of  pounds  of  steam  that  could  have  been  made 
from  and  at  2 1 2  degrees  with  the  expenditure  of  heat  applied  to  a 
pound  of  the  boiler  steam  as  actually  made.  It  will  be  seen  that 
the  use  of  such  a  factor  established  a  common  basis  (a  heat  imit  of 
large  size)  for  all  evaporative  tests  and  that  we  are  therefore  able 
directly  to  compare  coals  as  to  their  evaporative  qualities. 

Item  61.  It  was  pointed  out  above  that  a  different  result  may 
be  obtained  for  this  item,  depending  upon  which  factor  of  evapora- 
tion is  employed.  To  show  the  difference  between  the  two  methods 
on  a  heat  basis,  let 

W  =  weight  of  water  apparently  evaporated  (Item  57).   . 
X  =  quality  of  steam  (Item  54). 
£1  =  factor  of  evaporation,  form  I,  given  in  Code. 
£2  =  factor  of  evaporation,  form  II  above. 

Then,  as  per  Code, 

Equivalent  Evaporation  =  W  X  Ei  =  W  X -^^^  • 

970.4 

The  thermally  exact  method  would  give 

Equivalent  Evaporation  =  W ^ ^  • 

970.4 

The  difference  in  the  results  is  perhaps  best  illustrated  by  an 
average  example.  For  an  absolute  steam  pressure  of  150  pounds,  a 
feed-water  temperature  of  70  degrees  and  a  quality  of  steam  equal 
to  98  per  cent,  the  second  formula  gives  a  result  |  per  cent  higher 
than  the  first,  and  consequently  all  of  the**  Economic  Results '* 
and  the  "  Efficiencies  ''  of  the  table  will  be  higher  by  the  same 
amount.  For  greater  moisture  in  the  steam  the  difference  will  be 
greater;  thus  ii  x  =  .94,  with  the  same  steam  pressure  and  feed- 
water  temperature,  the  difference  is  1.6  per  cent.  For  dry  and 
saturated  steam  the  formulas  of  course  give  identical  results. 
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For  superheated  steam  the  second  form  of  the  equation  for 
of  evaporation  will  read, 

17     X  +  c,  (Tt  -  ro  -  <  +  32 

jE,,  =  *^, 

970.4 

in  which    T2  =  temperature  of  the  superheated  steam 

Ti  =  temperature  of  the  saturated  steam  at  the 

pressure,  and 
Cp  —  mean  specific  heat  in  the  range  from  Ti  to  7^ 


CHAPTER  XVni. 

THE  TESTING  OF  STEAM  ENGINES,  PUMPING  ENGINES,  AND 

LOCOMOTIVES. 

The  American  Society  of  Mechanical*  Engineers  has  established 
and  adopted  codes  for  the  testing  of  steam  engines,  pmnping  en- 
gines, and  locomotives.  For  the  full  wording  of  these  codes  the 
reader  is  referred  to  the  Transactions  of  the  Society.* 

These  codes  in  general  not  only  discuss  the  objects  of  the  various 
tests,  and  the  methods  of  making  the  tests,  but  also  go  into  the 
matter  of  instruments  to  be  used,  their  choice,  application,  calibra- 
tion, etc.,  besides  giving  methods  of  computing  and  presenting 
the  results.  In  many  instances  these  things  have  been  thoroughly 
covered,  sometimes  at  greater  length,  in  previous  chapters  of  this 
book,  and  to  repeat  these  parts  of  the  code  text  would  therefore 
lead  to  unnecessary  repetition.  Wherever  possible  such  parts 
have  therefore  been  omitted  and  proper  page  references  to  other 
parts  of  the  book  are  given.  Additional  comment  upon  some  of 
the  provisions  is  given  in  footnotes. 

361.  The  Testing  of  Steam  Engines.  General  Considerations 
and  Definitions.  —  The  Code  concerns  itself  very  largely  with  direc- 
tions for  complete  plant  tests.  The  testing  of  an  engine  alone  is  a 
comparatively  simple  matter.    The  test  may  be  made  to  determine: 

(a)  Economy. 

(b)  Capacity. 

(c)  Mechanical  Efficiency. 

(d)  Regulation. 

*  Final  Report  of  the  Committee  appointed  to  Standardize  a  System  of  Testing 
Steam  Engines,  Vol.  XXIV,  1903. 

Report  of  Committee  on  a  Standard  Method  of  Conducting  Duty  Trials  of  Pump- 
ing Engines,  Vol  XI,  x8go. 

Rq>ort  of  the  Committee  on  a  Sli 
Vol.  XIV,  1893 
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may  be  computed  on  the  I.H.P.  or  B.H.P.  basis.  In  either  case 
the  heat  equivalent  in  B.t.u.  of  the  work  is  2545  times  the  horse 
power,  if  the  hour  is  used  as  the  imit  of  time,  and  it  is  equal  to 
42.41  times  the  horse  power  if  the  minute  is  the  time  imit.  The 
heat  supplied  is  in  every  case  equal  to  the  weight  of  the  steam 
supplied  the  engine  in  the  time  unit  chosen,  multiplied  by  the  total 
heat  content  above  32  degrees  in  each  poimd  of  that  steam.  If 
the  engine  is  using  jackets,  the  heat  in  the  jacket  steam  must  be 
added  to  that  in  the  engine  steam.  Whether  the  heat  in  the  steam 
used  by  the  engine  auxiliaries  should  also  be  added  depends  upon 
contract  agreement.  Note  that  no  correction  is  made  for  the  heat 
that  the  steam  contains  as  it  leaves  the  engine,  irrespective  of  whether 
any  use  is  or  is  not  made  of  this  residual  heat  in  any  other  part  of  the 
plant.     (See  Rule  XXI  of  the  Code.) 

(6)  Thermodynamic  {Carnot)  Efficiency.  —  This  is  the  efficiency 
of  the  Carnot  cycle  operating  between  the  same  upper  and  lower 

limits  of  temperature  in  the  real  engine.     It  is  expressed  by  -  ^—; — ^, 

i  1 

where  Ti  =  the  upper  and  T2  the  lower  temperature  limit.  (See 
Art.  185,  p.  351.)  Thus  if  Ti  =  (350  +  460)  (for  135  lbs.  abs. 
steam  pressure)  and  r2  =  (213  +  460)  (for  15  lbs.  absolute  steam 
pressure),  the  thermodynamic  efficiency  would  be 

(aiP +_4_6o)  -  (213  +  460)  ^  i^o^u  =  ,6.9         eent. 
350  +  460  810 

This  efficiency  has  no  real  significance  as  far  as  any  real  engine 
is  concerned,  since  no  real  steam  engine  now  operating  is  based 
upon  the  Carnot  cycle  even  in  theory.  It  merely  shows  the  maxi- 
mum possible  efficiency  that  could  be  reached  between  the  given 
temperature  limits. 

(c)  Cylinder  Efficiency.  —  The  real  steam  engine  uses  a  cycle 
which  approaches  the  theoretical  Clausius  cycle.  (See  Art.  185, 
p.  352.)  The  performance  of  an  ideal  engine  using  the  Clausius 
cycle  between  the  same  pressure  limits  is  therefore  a  more  rational 
standard  by  which  to  compare  real  engine  performance.  (See  note 
to  Rule  XXIV  of  the  Code.  The  Clausius  cycle  is  there  called 
the  Rankine  cycle.) 
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The  cylinder  efficiency  may  then  be  defined  as  the  ratio  betwetn 
the  number  of  heat  units  that  would  be  required  per  I.H.P.  per 
hour  by  the  ideal  engine  using  the  Clausius  cycle  divided  bv  the 
heat  units  actually  required  by  the  real  engine  per  I-H.P.  per  hour 
as  shown  by  test.  (See  the  type  example  given  in  connection  with 
Rule  XXIV  of  the  Code.) 

(rf)  Mechanical  Efficiency,  —  As  already  defined^  this  is  eqiui 
to  the  work  delivered  at  the  shaft  (B.H.P.)  to  the  work  done  in 
the  cylinder  (I.H.P.) . 

ie)  Plant  Efficiency,  —  This  is  usually  imderstood  to  mean  the 
over-all  efficiency  of  a  plant  from  the  fuel  to  the  useful  power  de- 
velojDed.  It  is  equal  to  the  continuous  product  of  the  thermal 
efficiencies  of  the  separate  parts  of  the  chain  of  machinery  bv  which 
the  energ}^  of  the  fuel  is  converted  into  work.  Thus  in  the  case 
of  a  lighting  plant,  if  the  efficiency  of  the  boiler  and  grate  of  the 
boiler  plant  is  70  per  cent,  the  thermal  efficiency  of  the  engine  on 
the  I.H.P.  basis  is  15  per  cent;  the  mechanical  efficiency  of  the 
engine  is  95  per  cent,  and  that  of  the  generator  to  the  switchboard 
is  92  per  cent;  the  plant  efficiency  will  be 

=  .70  X  .15  X  .95  X  .92  =  9.15  per  cent. 

If  in  any  given  plant  a  part  of  the  waste  heat,  as,  for  instance, 
that  from  the  engine,  is  recovered  and  returned  to  the  boiler,  due 
allowance  must  be  made,  and  the  plant  efficiency  is  correspondin<^lv 
increased. 

(/)  Performance  of  a  Perfect  Engine,  —  A  perfect  engine  is  here 
understood  to  be  one  which  operates  on  the  Camot  c>xle.  Its 
efficiency  would  be  that  computed  as  shown  under  (b)  above.  If 
we  represent  the  thermodynamic  efficiency  by  e,  the  heat  units 
that  would  be  required  by  such  an  engine  per  I.H.P.  hour  would 
evidentlv  be 

c         Ti  -  T2 
The  greatest  possible  amount  of  heat  that  can  be  taken  out  of 

^^.000  X  60 
*  This  tii^ure  =  ■ •     If  the  later  (leterminations  are  taken,  which  give 

778 

the  value  of  the  work  equivalent  of  the  B.t.u.  =  777.5  ft.-lbs.,  the  factor  becomes 

=  2547. 
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the  steam  furnished  any  engine  is  the  difference  between  the  total 
heat  H  that  the  steam  contains  at  the  upper  pressure  and  the  heat 
of  the  liquid  5,,  at  the  lower  pressure.  Hence  the  steam  consump- 
tion of  the  perfect  engine  per  I.H.P.-hour  will  be  expressed  by 

This  is  sometimes  used  as  a  standard  for  real  engine  performance, 
but  since  it  is  a  standard  impossible  even  of  approach  in  any  real 
engine,  it  has  little  or  no  practical  value. 

Whenever  possible  a  heat  balance  should  be  established  for  every 
economy  test .  For  a  compound  engine  fitted  with  jackets  on  cylinders 
and  receiver,  such  a  heat  balance  should  show  the  following  items: 

I.  High-pressure  Cylinder. 

(a)   Heat  received  in  cylinder  steam. 
(6)   Heat  received  in  jacket  steam. 

(c)  Heat  rejected  in  exhaust. 

{d)  Heat  rejected  in  jacket  condensation. 

{e)   Heat   utilized    (heat  equivalent  of    I.H.P.  for  H.P. 

cylinder). 
(/)   Heat  lost  by  radiation,  etc. 

II.  Receiver. 

(a)   Heat  received  in  exhaust  steam  from  H.P.  cylinder. 

(6)   Heat  received  in  receiver  jacket  steam. 

{c)   Heat  supplied  to  L.P.  cylinder. 

{d)   Heat  rejected  in  jacket  condensation. 

ie)   Heat  lost  by  radiation,  etc. 

III.  Low-pressure  Cylinder. 

(a)   Heat  received  from  receiver  (item  II  (c)). 
(6)   Heat  received  in  jacket  steam. 

Heat  in  condensing 

ic)   Heat  rejected  in  exhaust  steam  \  ^^        . 

Heat  m   condensed 

steam. 

(d)  Heat  rejected  in  jacket  condensation. 
{e)   Heat  utilized    (heat   equivalent    of    I.H.P.  for  L.P. 

cylinder). 
(/)  Heat  lost  by  radiation,  etc. 
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The  establishment  of  this  heat  balance  requires  the  deteradiiftr 
tion  of  the  quality  of  steam  between  the  high-pressure  cylinder  anl 
the  receiver,  and  also  the  quality  of  the  steam  leaving  the  recavcik 
Unless  the  engine  is  operated  condensing,  the  quality  of  the  ezhavt 
steam  in  the  low-pressure  exhaust  must  be  found  in  order  to  ddff^ 
mine  item  III  (c).  The  loss  represented  by  item  III  (/)  will  ih 
elude  the  radiation  losses  from  condenser  and  piping  in  the  OM 
of  a  condensing  engine.  Concerning  the  receiver,  if  the  quifitiei 
of  the  steam  are  determined  close  to  the  high-pressure  edunut 
and  low-pressure  admission,  the  radiation  loss,  if  computed  bm 
e  =  c  —  a  —  b+d,  includes  the  losses  from  all  of  the  piping !»• 
tween  the  two  cylinders. 


362.  Rules  for  Conducting  Steam-Engine  Tests,  Code  of  igoi-—  1 

I.  Object  of  Test.  —  Ascertain  at  the  outset  the  specific  object  of  lb  j 
test,  whether  it  be  to  deteraiine  the  fulfillment  of  a  contract  guarantiee^ M 
ascertain  the  highest  economy  obtainable,  to  find  the  working  economy  mI  ' 
defects  under  conditions  as  they  exist,  to  ascertain  the  performance  m't^l 
special  conditions,  to  determine  the  effect  of  changes  in  the  conditioDS» «  In 
find  the  performance  of  the  entire  boiler  and  engine  plant,  and  prepare  for  Ik] 
test  accordingly. 

No  specific  rules  can  be  laid  down  regarding  many  of  the  preparatioiB  •,] 
be  made  for  a  test,  so  much  depends  upon  the  local  conditions;  and  thcmUffj 
is  one  which  must  be  left  mainly  to  the  good  sense,  tact,  judgment,  and  k 
nuity  of  the  party  undertaking  it.    One  guiding  principle  must  ever  be 
in  mind;  namely,  to  obtain  data  which  shall  be  thoroughly  reliable  for 
purposes  in  view.     If  questions  of  contract  are  to  be  setded,  it  is  of  tbe 
importance  that  a  clear  understanding  be  had  with  all  the  parties  to  thc< 
tract  as  to  the  methods  to  be  pursued  —  put  ing  this  understanding,  if 
sary,  in  writing  —  unless  these  are  dis  inctly  provided  for  in  the 
itself.     The  preparations  for  the  measurement  of  the  feed  water  and  of 
various  quantities  of  condensed  water  in  the  standard  heat-unit  test 
be  made  in  such  a  manner  as  to  change  as  little  as  possible  the  working' 
tions  and  temperatures  of  the  plant. 

II.  General  Condition  of  the  Plant.  —  Earaimine  the  engine  and 
entire  plant  concerned  in  the  test ;  note  its  general  condition  and  any 
design,  construction,  or  operation  which  bear  on  the  objects  in  view. 
special  examination  of  the  valves  and  pistons  for  leakage  by  apply«l 
working  pressures  with  the  engine  at  rest,  and  observe  the  quantity  01 
if  any,  blowing  through  per  hour. 

If  the  trial  has  for  an  object  the  determination  of  the  highest  tSA 
obtainable,  the  valves  and  pistons  must  first  be  made  tight,  and  aD  ptf* 
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the  engine  and  its  auxiliaries,  and  all  other  parts  of  the  plant  concerned,  should 
be  put  in  the  best  possible  working  condition.* 

III.  Ddcensions,  Etc.  —  Measure  or  check  the  dimensions  of  the  cylinders 
in  any  case,  this  being  done  when  they  are  hot.  If  they  are  much  worn,  the 
average  diameter  should  be  determined.  Measure  also  the  clearance,  which 
should  be  done,  if  possible,  by  filling  the  spaces  with  water  previously  meas- 
ured, the  piston  being  placed  at  the  end  of  the  stroke.  If  the  clearance  cannot 
be  measured  directly,  it  can  be  determined  approximately  from  the  working 
drawings  of  the  cylinder. 

Measure  the  dimensions  of  auxiliaries  and  accessories,  also  those  of  the 
boilers  so  far  as  concerned  in  attaining  the  objects.  It  is  well  to  supplement 
these  determinations  with  a  sketch  or  sketches  showing  the  general  features 
and  arrangement  of  the  different  parts  of  the  plant. 

To  measure  the  clearance  by  actual  test,  the  engine  is  carefully  set  on  the 
center,  with  the  piston  at  the  end  where  the  measurement  is  to  be  taken. 
Assuming,  for  example,  a  Corliss  engine,  the  best  method  to  pursue  is  to  remove 
the  steam  valve  so  as  to  have  access  to  the  whole  steam  port,  and  then  fill  up 
the  clearance  space  with  water,  which  is  poured  into  the  open  port  through  a 
funnel.  The  water  is  drawn  from  a  receptacle  containing  a  sufficient  quan- 
tity, which  has  previously  been  measured.  When  the  whole  space,  including 
the  port,  is  completely  filled,  the  quantity  left  is  measured,  and  the  difference 
shows  the  amount  which  has  been  poured  in.  The  measurement  can  be  most 
easily  made  by  weighing  the  water,  and  the  corresponding  volume  determined 
by  calculation,  making  proper  allowance  for  temperature.  The  proportion 
required  is  the  volume  in  cubic  inches  thus  found,  divided  by  the  volume 
of  the  piston  displacement,  also  in  cubic  inches,  and  the  result  expressed  as  a 
decimal.  In  this  test  care  should  be  taken  that  no  air  is  retained  in  the  clear- 
ance space  when  it  is  being  filled  with  water. 

*  The  Code  under  this  provision  gives  extended  directions  for  determining  piston 
and  valve  leakage,  both  qualitatively  and  quantitatively.  In  the  first  test,  valves 
and  pistons  are  placed  in  the  positions  desired  and  steam  is  then  turned  on,  observa- 
tions of  the  steam  leaking  past  being  made  by  opening  indicator  cocks,  or  other  vents 
that  may  be  available.  Another  scheme  is  the  so-called  "time  method,"  in  which 
steam  is  turned  on  full  and  then  turned  off,  watching  the  drop  of  pressure  by  means 
of  an  indicator.  In  a  perfectly  tight  cylinder  this  drop  would  be  due  only  to  conden- 
sation and  would  be  very  slow.  In  any  actual  case  the  drop  will  be  more  rapid, 
depending  upon  the  degree  of  leakage.  It  will  be  observed  that  the  qualitative 
method  of  determining  leakage  is  practically  valueless,  e-xcept  as  it  may  ser\'e  to 
distinguish  between  a  fairly  tight  engine  and  one  that  leaks  very  badly.  The 
quantitative  determination,  made  by  condensing  the  leakage  in  some  manner,  is  of 
course  more  accurate,  but  even  the  quantity  so  determined  cannot  be  used  as  a 
correction  to  consumption  figiires  determined  on  a  test,  because  in  operation  the 
pressure  conditions  are  not  at  all  the  same.  Hence  for  very  accurate  work  with 
reference  to  best  consumption  and  maximum  efficiency,  the  requirement  of  Rule  II 
calling  for  tight  piston  and  valves  must  be  followed  if  possible  to  the  letter. 
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In  making  a  test  of  an  engine  where  the  steam  consumption  is  determined 
from  the  amount  of  water  discharged  from  the  surface  condenser,  leakage  of 
the  piston  rods  and  valve  rods  should  be  guarded  against;  for  if  these  are 
excessive,  the  test  is  of  little  use,  as  the  leakage  consists  partly  of  steam  that 
has  already  done  work  in  the  cylinder  and  of  water  condensed  from  the  steam 
when  in  contact  with  the  cylinder.  If  such  leakage  cannot  be  prevented, 
some  allowance  should  be  made  for  the  quantity  thus  lost.  The  weight  of 
water  as  shown  at  the  condenser  must  be  increased  by  the  quantity  allowed 
for  this  leakage. 

VII.  Duration  of  Test.  —  The  duration  of  a  test  should  depend  largely 
upon  its  character  and  the  objects  in  view.  The  standard  heat  test  of  an 
engine,  and,  likewise,  a  test  for  the  simple  determination  of  the  feed-water 
consumption,  should  be  continued  for  at  least  five  hours,  unless  the  class  of 
service  precludes  a  continuous  run  of  so  long  duration.  It  is  desirable  to 
prolong  the  test  the  number  of  hours  stated  to  obtain  a  number  of  consecutive 
hourly  records  as  a  guide  in  analyzing  the  reliability  of  the  whole. 

Where  the  water  discharged  from  the  surface  condenser  is  measured  for 
successive  short  intervals  of  time,  and  the  rate  is  found  to  be  uniform,  the  test 
may  be  of  a  much  shorter  duration  than  where  the  feed  water  is  measured  to 
the  boiler.  The  longer  the  test  with  a  given  set  of  conditions,  the  more  accu- 
rate the  work,  and  no  test  should  be  so  short  that  it  cannot  be  divided  into 
several  intervals  which  will  give  results  agreeing  substantially  with  one  another. 

The  commercial  test  of  a  complete  plant,  embracing  boilers  as  well  as 
engine,  should  continue  at  least  one  full  day  of  twenty-four  hours,  whether  the 
engine  is  in  motion  during  the  entire  time  or  not.  A  continuous  coal  test  of 
a  boiler  and  engine  should  be  of  at  least  ten  hours'  duration,  or  the  nearest 
multiple  of  the  interval  between  times  of  cleaning  fires. 

VIII.  Starting  and  Stopping  a  Test.  —  (a)  Standard  Heat  Test  and 
Feed-water  Test  of  Engine .  —  The  engine  having  been  brought  to  the  normal 
condition  of  running,  and  operated  a  sufiicient  length  of  time  to  be  thoroughly 
heated  in  all  its  parts,  and  the  measuring  apparatus  having  been  adjusted 
and  set  to  work,  the  height  of  water  in  the  gauge  glasses  of  the  boilers  is  ob- 
served, the  depth  of  water  in  the  reservoir  from  which  the  feed  water  is  sup- 
plied is  not  d,  the  exact  time  of  day  is  observed,  and  the  test  held  to  begin. 
Thereafter  the  measurements  determined  upon  for  the  test  are  begun  and 
carried  forward  until  its  close.  If  practicable,  the  test  may  be  begun  at 
some  even  hour  or  minute,  but  it  is  of  the  first  importance  to  begin  at  such 
time  as  reliable  observations  of  the  water  heights  are  obtained,  whatever  the 
exact  time  happens  to  be  when  these  are  satisfactorily  determined.  Wher 
the  time  for  the  dose  of  the  test  arrives,  the  water  should,  if  possible, 
brought  to  the  same  height  in  the  glasses  and  to  the  same  depth  in  the  fi 
water  reservoir  as  at  the  beginning,  delaying  the  conclusion  of  the  tefl 
necessary  to  bring  about  this  similarity  of  conditions.    If  di^ 

proper  corrections  must  be  made. 
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Care  should  be  taken  in  cases  where  the  activity  of  combustion  in  the 
boiler  furnaces  affects  the  height  of  water  in  the  gauge  glasses  that  the  same 
condition  of  lire  and  draughts  are  operating  at  one  time  as  at  the  other.  For 
this  reason  it  is  best  to  start  and  stop  a  test  without  interfering  with  the  legih 
larity  of  the  operation  of  the  feed  pump,  provided  the  latter  may  be  regulated 
to  run  so  as  to  supply  the  feed  water  at  a  uniform  rate.  In  some  cases  lihat 
the  supply  of  feed  water  is  irregular,  as,  for  example,  where  an  injector  is  used 
of  a  larger  capacity  than  is  required,  the  supply  of  feed  water  should  be  tempo- 
rarily shut  off. 

It  is  important  to  use  great  care  in  obtaining  the  average  height  of  the 
water  in  the  glasses,  taking  sufficient  time  to  satisfactorily  judge  of  the  full 
extent  of  the  fluctuation  of  the  water  line,  and  thereby  its  mean  position.  It 
is  important,  also,  to  refrain  from  blowing  off  the  water  column  or  its  cod* 
necting  pipes,  either  during  the  progress  of  the  test  or  for  a  period  of  an  boor 
or  more  prior  to  its  beginning.  Such  blowing  off  changes  the  temperature  of 
the  water  within,  and  thereby  its  specific  gravity  and  height. 

To  mark  the  height  of  water  in  a  gauge  glass  in  a  convenient  way,  a  paper 
scale,  mounted  on  wood  and  divided  into  tenths  of  inches,  may  be  placed 
behind  it  or  at  its  side. 

(/')  Complete  Engine  and  Boiler  Test. — For  a  continuous  running  testtrf 
combined  engine  or  engines,  and  boiler  or  boilers,  the  same  directions  app^ 
for  beginning  and  ending  the  feed-water  measurements  as  that  just  rdemd 
to  under  section  (j).  The  time  of  beginning  and  ending  such  a  test  should  be 
the  regular  time  of  cleaning  fires,  and  the  exact  time  of  beginning  and  eodlDg 
should  be  the  time  when  the  fires  are  fully  cleaned,  just  preparator>'  toputtiaf 
on  fresh  coal.  In  cases  where  there  are  a  number  of  boilers,  and  it  is  incoh 
venienl  or  undesirable  to  clean  all  fires  at  once,  the  time  of  beginning  tk 
test  should  be  deferred  until  they  are  all  cleaned  and  in  a  satisfactory  state, 
all  the  fires  being  then  burned  down  to  a  uniformly  thin  condition,  the  thick- 
ness and  condition  being  estimated  and  the  test  begun  just  before  firing  the 
new  coal  previously  weighed.  The  ending  of  the  test  is  likewise  deferred  unli 
the  fires  are  all  satisfactorily  cleaned,  being  again  burned  down  to  the  sa* 
uniformly  thin  comliiion  as  before,  and  the  time  of  closing  being  taken  JB< 
before  replenishing  the  fires  with  new  coal. 

For  a  commercial  lest  of  a  combined  engine  and  boiler,  whether  the  engi* 
runs  continuously  for  the  full  twenty-four  hours  of  the  day  or  only  a  porti* 
of  the  time,  the  tires  in  the  boilers  being  banked  during  the  time  when  A^ 
engine  is  not  in  motion,  the  beginning  and  ending  of  the  test  should  occuril 
the  regular  time  of  cleaning  the  fires,  the  method  followed  being  thatalrtpf 
given.  In  cases  where  the  engine  is  not  in  continuous  motion,  as,  for  exanlfc 
in  textile  mills,  where  the  working  time  is  ten  or  eleven  hours  out  of  the  tweBtT 
four,  and  the  fires  are  cleaned  and  banked  at  the  close  of  the  day's  work,* 
best  time  for  starting  and  stopping  a  test  is  the  time  just  before  baniBl 
when  the  fires  arc  well  burned  down  and  the  thickness  and  condition  can  » 
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most  satisfactorily  judged.  In  these,  as  in  aU  other  cases  noted,  the  test 
should  be  begun  by  observing  the  exact  time,  the  thickness  and  condition  of 
the  fires  on  the  grates,  the  height  of  water  in  the  gauge  glasses  of  the  boilers, 
the  depth  of  the  water  in  the  reservoir  from  which  the  feed  water  is  suppUed, 
and  other  conditions  relating  to  the  trial,  the  same  observations  being  again 
taken  at  the  end  of  the  test,  and  the  conditions  in  all  respects  being  made  as 
nearly  as  possible  the  same  as  at  the  beginning. 

IX.  Measxjrement  of  Heat  Units  Consumed  by  the  Engine.  —  The 
measurement  of  the  heat  consumption  requires  the  measurement  of  each 
supply  of  feed  water  to  the  boiler  —  that  is,  the  water  suppUed  by  the  main 
feed  pump,  that  supplied  by  auxiliary  pumps,  such  as  jacket  water,  water 
from  separators,  drips,  etc.,  and  water  supplied  by  gravity  or  other  means; 
also  the  determination  of  the  temperature  of  the  water  supplied  from  each 
source,  together  with  the  pressure  and  quality  of  the  steam. 

The  temperatures  at  the  various  points  should  be  those  applying  to  the 
working  conditions.  The  temperature  of  the  feed  water  should  be  taken  near 
the  boiler.  This  causes  the  engine  to  suffer  a  disadvantage  from  the  heat 
lost  by  radiation  from  the  pipes  which  carry  the  water  to  the  boiler,  but  it  is 
nevertheless  advisable  on  the  score  of  simplicity.  Such  pipes  would  there- 
fore be  considered  a  portion  of  the  engine  plant.  This  conforms  with  the 
rule  already  recommended  for  the  tests  of  pmnping  engines  where  the  duty 
per  million  heat  units  is  computed  from  the  temperature  of  the  feed  water 
taken  near  the  boiler.  It  frequently  happens  that  the  measurement  of  the 
water  requires  a  change  in  the  usual  temp>erature  of  supply.  For  example, 
where  the  main  supply  is  ordinarily  drawn  from  a  hot-well  in  which  the  tem- 
perature is,  say,  100°  F.,  it  may  be  necessary,  owing  to  the  low  level  of  the 
well,  to  take  the  supply  from  some  source  under  a  pressure  or  head  sufficient 
to  fill  the  weighing  tanks  used,  and  this  supply  may  have  a  temperature  much 
below  that  of  the  hot- well;  possibly  as  low  as  40°  F.  The  temperature  to  be 
used  is  not  the  temperature  of  the  water  as  weighed  in  this  case,  but  that 
of  the  working  temperature  of  the  hot-well.  The  working  temperature  in 
cases  like  this  must  be  determmed  by  a  special  test,  and  included  in  the  log 
sheets. 

In  determining  the  working  temperatures,  the  preliminary  or  subsequent 
test  should  be  contmued  a  sufficient  time  to  obtain  uniform  indications,  and 
such  as  may  be  judged  to  be  an  average  for  the  working  conditions.  In  this 
test  it  is  necessary  to  have  some  guide  as  to  the  quantity  of  work  being  done, 
and  for  this  reason  the  power  developed  by  the  engine  should  be  determined 
by  obtaining  a  full  set  of  diagrams  at  suitable  intervals  during  the  progress  of 
the  trial.  Observations  should  also  be  made  of  all  the  gauges  connected  with 
the  plant  and  of  the  water  heights  in  the  boilers,  the  latter  being  maintained 
at  a  uniform  point  so  as  to  be  sure  that  the  rate  of  feeding  during  the  test  is 
not  sensibly  different  from  that  of  the  main  test. 

The  heat  to  be  determined  is  that  used  by  the  entire  eogt 
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embradng  the  main  cylinders  and  all  the  auxiliary  cylinders  and  mechanise 
concerned  in  the  operation  of  the  engine,  including  the  air  pump,  drculatk| 
pump,  and  feed  pumps,  also  the  jacket  and  reheater  when  these  are  used  Nl 
deduction  is  to  be  made  for  steam  used  by  auxiliaries  unless  these  are  sfaoil 
by  test  to  be  unduly  wasteful.  In  this  matter  an  exception  should  be  made 
in  cases  of  guarantee  tests  where  the  engine  contractor  furnishes  ail  the  waA 
iaries  referred  to.  He  should,  in  that  case,  be  responsible  for  the  whole,  lad 
no  allowance  should  be  made  for  inferior  economy,  if  such  exists.  Should  i 
deduction  be  made  on  account  of  the  auxiliaries  being  unduly  wasteful,  Ae 
method  of  waste  and  its  extent,  as  compared  with  the  wastes  of  the 
engine  or  other  standard  of  known  value,  shall  be  reported  definitely. 

The  steam  pressure  and  the  quality  of  the  steam  are  to  be  taken  at 
point  conveniently  near  the  throttle  valve.    The  quantity  of  steam  used  bf 
the  calorimeter  must  be  determined  and  prop  rly  allowed  for. 

X.  Measurement  of  Feed  Water  or  Steam  Consumption  op  EsGoat, 
Etc.  —  The  method  of  determining  the  steam  consumption  applicable  to  il 
plants  is  to  measure  all  the  feed  water  supplied  to  the  boilers,  and  deduct 
therefrom  the  water  discharged  by  separators  and  drips,  as  also  the  wiler 
and  steam  which  escaf)e  on  account  of  leakage  of  the  boiler  and  its  pipe  a* 
ncctions  and  leakage  of  the  steam  main  and  branches  connecting  the  bote 
and  the  engine.  In  plants  where  the  engine  exhausts  into  a  surface  cowkfflff 
the  steam  consumption  can  be  measured  by  determining  the  quantity  d 
water  discharged  by  the  air  pump,  corrected  for  any  leakage  of  the  condeoss^ 
and  adding  thereto  the  steam  used  by  jackets,  reheaters,  and  auxiliario* 
determined  independently.  If  the  leakage  of  the  condenser  is  too  laife  H 
satisfactorily  allow  for  it,  the  condenser  should,  of  course,  be  repaired  and  tk 
leakage  again  determined  before  making  the  test. 

CThe  Code  here  discusses  methods  of  measuring  water,  for  whidi»| 

Chap.  XII.) 

The  corrections  or  deductions  to  be  made  for  leakage  above  refcired  ij 
should  be  applied  only  to  the  standard  heat-unit  test  and  tests  for  d^^""^] 
simply  the  steam  or  feed-water  consumption,  and  not  to  coal  tests  of  combWj 
engine  and  boiler  equipment.  In  the  latter,  no  correction  should  be  ini*i 
except  for  leakage  of  valves  connecting  with  other  engines  and  boilers,  or  »| 
steam  used  for  purposes  other  than  the  operation  of  the  plant  under  «<►  j 
Losses  of  heat  due  to  imperfections  of  the  plant  should  be  charged  to  thepW: 
and  only  such  losses  as  are  concerned  in  the  working  of  the  engine  alone 
be  charged  to  the  engine. 

In  measuring  jacket  water  or  any  supply  under  pressure  which  has  a  W^j 
perature  exceeding  212°  F.,  the  water  should  first  be  cooled,  as  may  be 
by  discharging  it  into  a  tank  of  cold  water  previously  weighed,  or  by  pM*^ 
It  through  a  coil  of  pipe  submerged  in  running  and  colder  water,  prevent 
•hereby  the  loss  of  evaporation  which  occurs  when  such  hot  water  is  disdail 
tfieopadair. 
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XI.  Measurement  of  Steam  Used  by  Auxiliaries.  —  Although  the 
steam  used  by  the  auxiliaries  —  embracing  the  air  pump,  circulating  pump, 
feed  pump,  and  any  other  apparatus  of  this  nature,  supposing  them  to  be 
steam-driven,  also  the  steam  jackets,  reheaters,  etc.,  which  consume  steam 
required  for  the  operation  of  the  engine  —  is  all  included  iir  the  measurement 
of  the  steam  consumption,  as  pointed  out  in  Article  X,  yet  it  is  highly  desirable 
that  the  quantity  of  steam  used  by  the  auxiliaries,  and  in  many  cases  that 
used  by  each  auxiliary,  should  be  determined  exactly,  so  that  the  net  con- 
sumption of  the  main  engine  cylinders  may  be  ascertained  and  a  complete 
analysis  made  of  the  entire  work  of  the  engine  plant.  Where  the  auxiliary 
cylinders  are  nT)n-condensing,  the  steam  consumption  can  often  be  measured 
by  carrying  the  exhaust  for  the  purpose  into  a  tank  of  cold  water  resting  on 
scales  or  through  a  coil  of  pipe  surrounded  by  cold  running  water.  Another 
method  is  to  run  the  auxiliaries  as  a  whole,  or  one  by  one,  from  a  spare  boiler 
(preferably  a  small  vertical  one),  and  measure  the  feed  water  supplied  to  this 
boiler.  The  steam  used  by  the  air  and  circulating  pumps  may  be  measured 
by  running  them  under,  as  near  as  possible,  the  working  conditions  and  speed, 
the  main  engine  and  other  auxiliaries  being  stopped,  and  testing  the  consump- 
tion by  the  measuring  apparatus  used  on  the  main  trial.  For  a  short  trial,  to 
obtain  approximate  results,  measurement  can  be  made  by  the  water-gauge 
glass  method,  the  feed  supply  being  shut  off.  When  the  engine  has  a  surface 
condenser,  the  quantity  of  steam  used  by  the  auxiliaries  may  be  ascertained 
by  allowing  the  engine  alone  to  exhaust  into  the  condenser,  measuring  the 
feed  water  supplied  to  the  boiler  and  the  water  discharged  by  the  air  pump, 
and  subtracting  one  from  the  other,  after  allowing  for  losses  by  leakage. 

Xn.  Coal  Measurement.  —  (a)  Commercial  Tests.  —  In  commercial  tests 
of  the  combined  engine  and  boiler  equipment,  or  those  made  under  ordinary 
conditions  of  commercial  service,  the  test  should,  as  pointed  out  in  Article  V'll, 
extend  over  the  entire  period  of  the  day;  that  is,  twenty-four  hours,  or  a  num- 
ber of  days  of  that  duration.  Consequently,  the  coal  consumption  should  be 
determined  for  the  entire  time.  If  the  engine  runs  but  a  part  of  the  time,  and 
during  the  remaining  portion  the  fires  are  banked,  the  measurement  of  coal 
should  include  that  used  for  banking.  It  is  well,  however,  in  such  cases,  to 
determine  separately  the  amount  consumed  during  the  time  the  engine  is  in 
operation  and  that  consumed  during  the  period  the  fires  are  banked,  so  as 
to  have  complete  data  for  purposes  of  analysis  and  comparison,  using  suit- 
able precautions  to  obtain  reliable  measurements.  The  measurement  of  coal 
begins  with  the  first  firing,  after  cleaning  the  furnaces  and  burning  down  at 
the  beginning  of  the  test,  as  pointed  out  in  Article  VIII,  and  ends  with  the 
last  firing,  at  the  expiration  of  the  allotted  time. 

(6)  Continuous  Running  Tests,  —  In  continuous  running  tests  which,  as 
pointed  out  in  Article  VII,  cover  one  or  more  periods  which  elapse  between 
the  cleaning  of  the  fires,  the  same  principle  applies  as  that  mentioned  under 
the  above  heading  (a);  viz.,  the  coal  measurement  begins  with  the  first  firi 
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after  cleaning  and  burning  down,  and  the  measurement  ends  with  thebtt 
firing,  before  cleaning  and  burning  down  at  the  close  of  the  trial. 

(i)  Coal  Tests  in  General,  —  When  not  otherwise  specially  understood, a ooil 
test  of  a  combined  engine  and  boiler  plant  is  held  to  refer  to  the  commesckl 
test  above  noted,  and  the  measurement  of  coal  should  conform  thereto.. 

In  connection  with  coal  measurements,  whatever  the  class  of  tests,  it  S 
important  to  ascertain  the  percentage  of  moisture  in  the  coal,  the  weic^rfj 
ashes  and  refuse,  and,  where  possible,  the  approximate  and  ultimate  analjA'; 
of  the  coal,  following  all  the  methods  and  details  advocated  in  the  latest  rqxit- 
of  the  Boiler  Test  Committee  of  the  Society.    See  also  Chap.  Xm  of  this  book; 

((/)  Other  Fuels  tJian  Coal, —  For  all  other  solid  fuels  than  coal  the  samedinD^^ 
tions  in  regard  to  measurement  should  be  followed  as  those  given  for  coaL  B;i 
the  boilers  are  run  with  oil  or  gas,  the  measurements  relating  to  stopping  wki 
starting  arc  much  simplified,  because  the  fuel  is  burned  as  fast  as  suppGfl^. 
and  there  is  no  body  of  fuel  constantly  in  the  furnace,  as  in  the  case  of 
solid  fuel.  Wlien  oil  is  used,  it  should  be  weighed,  and  when  gas  is  used,l| 
should  be  measured  in  a  calibrated  gas  meter  or  a  gasometer. 

XIII.  Indicated  Horse  Power.  —  The  indicated  horse  power  should  te^ 
determined  from  the  average  mean  effective  pressure  of  diagrams  takoi^ 
inlervids  of  twenty  minutes,  and  at  more  frequent  intervals  if  the  nature^ 
the  test  makes  this  necessary,  for  each  end  of  each  cylinder.*  With 
loads,  such  as  those  of  engines  driving  generators  for  electric  railroad  vod^j 
and  of  rubber-grinding  and  rolling-mill  engines,  the  diagrams  cannot  be  taisarj 
too  often.  In  cases  hke  the  latter,  one  method  of  obtaining  suitable  2^ 
is  to  take  a  series  of  diagrams  on  the  same  blank  card  without  unhoddng 
driving  cord,  and  apply  the  pencil  at  successive  intervals  of  ten  seconds 
two  minutes'  time  or  more  has  elapsed,  thereby  obtaining  a  dozen  or 
indications  in  the  time  covered.  This  tends  to  insure  the  determinatkm 
fair  average  for  that  period.  In  taking  diagrams  for  variable  loads,  as 
for  any  load,  the  pencil  should  be  applied  long  enough  to  cover  several 
ccssive  revolutions,  so  that  the  variations  produced  by  the  action  of 
governor  may  be  properly  recorded.  To  determine  whether  the  goveniof  i 
subject  to  what  is  called  "racing"  or  "hunting,"  a  "variation  diagram" 
be  obtained;  that  is,  one  in  which  the  pencil  is  applied  a  suflSdent  time 
cover  a  complete  cycle  of  variations.  When  the  governor  is  found  to 
working  in  this  manner,  the  defect  should  be  remedied  before  proceeding 
the  test. 


*  Author's  Note.    This  method  of  computing  I.H.P.  gives  an  acceptable 
only  when  the  speed  of  the  engine  is  fairly  constant.     In  case  the  speed  flue 
not  the  average  of  the  M.E.P.  determinations  should  be  used,  but  the  avoagcrf' 
pn  products  in  the  equation 

I.H.P.  =  _i?^, 
ift  which  p  =  M.E.P.  and  n  =■  revolutions  per  min. 
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It  is  seldom  necessary,  as  far  as  average  power  measurements  are  concerned, 
to  obtain  diagrams  at  precisely  the  same  instant  at  the  two  ends  of  the  cylin- 
der, or  at  the  same  instant  on  all  the  cylinders,  when  there  are  more  than  one. 
All  that  is  required  is  to  take  the  diagrams  at  regular  intervals.  Should  the 
diagrams  vary  so  much  among  themselves  that  the  average  may  not  be  a 
fair  one,  it  signifies  that  they  should  be  taken  more  frequently,  and  not  that 
special  care  should  be  employed  to  obtain  the  diagrams  of  each  set  at  pre- 
cisely the  same  time.  When  diagrams  are  taken  during  the  time  when  the 
engine  is  working  up  to  speed  at  the  start,  or  when  a  study  of  valve  setting  and 
steam  distribution  is  being  made,  they  should  be  taken  at  as  nearly  the  same 
time  as  practicable.  In  cases  where  the  diagrams  are  to  be  taken  simultane- 
ously, the  best  plan  is  to  have  an  operator  stationed  at  each  indicator.  This 
is  desirable,  even  where  an  electric  or  other  device  is  employed  to  operate  all 
the  instruments  at  once;  for  unless  there  are  enough  operators,  it  is  necessary 
to  open  the  indicator  cocks  some  time  before  taking  the  diagrams  and  run  the 
risk  of  clogging  the  pistons  and  heating  the  high-pressure  springs  above  the 
ordinary  working  temperature. 

The  most  satisfactory  driving  rig  for  indicating  seems  to  be  some  form  of 
well-made  pantograph,  with  driving  cord  of  fine  annealed  wire  leading  to  the 
indicator.*  The  reducing  motion,  whatever  it  may  be,  and  the  connections 
to  the  indicator,  should  be  so  perfect  as  to  produce  diagrams  of  equal  lengths 
when  the  same  indicator  is  attached  to  either  end  of  the  cylinder,  and  produce 
a  proportionate  reduction  of  the  motion  of  the  piston  at  every  point  of  the 
stroke,  as  proved  by  test. 

With  a  p>erfect  working  pantograph,  or  similar  apparatus,  the  equality  in 
the  length  of  diagrams  taken  with  the  same  indicator  at  the  two  ends  is  suffi- 
cient indication  of  the  substantial  reliability  of  the  reduction  when  the  point 
of  cut-off  on  the  diagram  is  not  unusually  short  —  say,  not  shorter  than  one- 
eighth.  When  the  cut-off  is  unusually  short,  the  error  produced  by  imp>erfect 
reduction  becomes  a  comparatively  large  item,  and  one  which  for  accurate 
work  should  be  allowed  for.  To  test  the  accuracy  of  the  reducing  motion 
without  making  special  preparations  for  a  thorough  examination,  it  is  sufficient 
to  make  a  comparison  between  the  actual  proportion  of  the  stroke  covered 
and  the  apparent  proportion  measured  on  the  indicator,  and  see  how  they 
agree.  This  may  be  done  on  a  large  engine  by  making  the  comparison  wherever 
it  happens  to  stop,  and  repeating  the  comparison  when  it  has  stopped  with 
the  piston  at  some  other  point  of  the  stroke.  With  an  engine  which  can  be 
turned  over  by  hand,  or  where  auxiliary  power  is  provided  for  moving  it,  the 
comparison  may  be  made  at  a  nimiber  of  equidistant  points  in  the  stroke. 
To  make  the  test  properly,  a  diagram  should  be  taken  just  before  stopping, 
and  this  will  serve  as  a  reference  for  the  measurements  taken  after  stopping. 
The  actual  proportion  of  stroke  covered  is  determined  by  measuring  the  dis- 

♦  For  different  types  of  reducing  motions  see  Chap.  XV  of  this  book. 
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tance  which  the  crosshead  has  moved  and  comparing  it  with  the  whole  length 
of  the  stroke,  making  sure  that  the  slack  has  all  been  taken  up  by  turning 
sufficient  steam  into  the  cylinder  to  bring  a  pressure  to  bear  on  the  piston,  bui 
not  sufficient  to  start  the  flywheel  in  motion.  To  obtain  the  apparent  indi- 
cation from  the  diagram,  the  indicator  pencil  is  moved  up  and  down  with  the 
finger  so  as  to  make  a  vertical  mark  on  the  diagram,  and  the  distance  of  this 
mark  from  the  beginning  of  the  diagram  compared  to  the  whole  length  of  the 
diagram  is  the  proportion  desired. 

It  is  necessary,  of  course,  to  go  through  these  operations  without  changing 
in  any  way  the  adjustment  of  the  driving  cord  of  the  indicator,  or  any  part  of 
the  mechanism  that  would  alter  the  movements  of  the  indicator. 

The  use  of  a  three-way  cock  and  a  single  indicator  connected  to  the  two 
ends  of  the  cylinder  is  not  advised,  except  in  cases  where  it  is  impracticable  to 
use  an  indicator  close  to  each  end.  If  a  three-way  cock  is  used,  the  error  pro- 
duced should  be  determined  and  allowed  for. 

The  effect  of  the  error  produced  by  a  three-way  cock  is  usually  to  increase 
the  area  of  the  diagram.  This  is  due  to  the  tardiness  of  the  indicator  in  re- 
sponding to  the  changes  of  pressure.  In  an  investigation  made  by  one  of  the 
Committee,  which  was  carried  out  both  on  short-stroke  engines  running  at 
high  speed  and  long-stroke  engines  running  at  comparatively  slow  speed,  it 
was  found  that  the  increased  area  of  the  diagram,  due  to  the  sluggish  action 
produced  by  the  three-way  cock,  ranged  from  3  to  7  per  cent  as  compared 
with  an  indicator  with  a  short  and  direct  pipe. 

In  the  manipulation  of  the  indicator  it  is  important  to  keep  the  instrument 
in  clean  condition  and  preserve  it  in  mechanically  good  order.  Ordinar>' 
cylinder  oil  is  the  best  material  to  use  for  lubricating  the  indicator  piston  for 
pressures  above  the  atmosphere.  It  is  better  to  have  the  piston  fit  the  cylinder 
rather  loosely  —  so  as  to  get  absolute  freedom  of  motion  —  than  to  have  a 
mathematically  accurate  fit.  In  the  latter  case,  extreme  care  and  frequent  clean- 
ings are  required  to  obtain  good  diagrams.  No  diagrams  should  be  accepted 
in  which  there  is  any  appearancfe  of  want  of  freedom  in  the  movement  of  the 
mechanism.  A  ragged  or  serrated  line  in  the  region  of  the  expansion  or  com- 
pression lines  is  a  sure  indication  that  the  piston  or  some  part  of  the  mechanism 
sticks;  and  when  this  state  of  things  is  revealed  the  indicator  should  not  bo 
trusted,  but  the  cause  should  be  ascertained  and  a  suitable  remedy  applied. 
Entire  absence  of  wire  drawing  of  the  steam  line,  and  especially  a  sharp,  square 
comer  at  the  beginning  of  the  steam  line,  should  be  looked  upon  with  suspicion, 
however  desirable  and  satisfactory  these  features  might  otherwise  be.  These 
are  frequently  produced  by  an  indicator  which  is  defective,  owing  to  want  of 
freedom  in  the  mechanism.  An  indicator  w^hich  is  free  when  subjected  to  a 
steady  steam  pressure,  as  it  is  under  a  test  of  the  springs  for  calibration,  should 
be  able  to  produce  the  same  horizontal  line,  or  substantially  the  same,  after 
pushing  the  f)encil  down  with  the  finger,  as  that  traced  after  pushing  the  pendl 
up  and  subsequently  tapping  it  lightly.    When  the  pendl  is  moved  by  the 
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finger,  first  up  and  then  down,  the  piston  being  subjected  to  pressure,  the 
movement  should  appear  smooth  to  the  sense  of  feeling. 

The  point  selected  for  attaching  an  indicator  to  the  cylinder  should  never 
be  the  drip  pipe  or  any  point  where  the  water  of  condensation  will  run  into  the 
instrimient,  if  this  can  possibly  be  avoided.  The  admission  of  water  with 
the  steam  may  greatly  distort  the  diagram.  If  it  becomes  necessary  to  place 
the  indicator  in  such  a  position,  as  may  happen  when  it  is  attached  to  the 
lower  end  of  a  vertical  cylinder,  the  connection  to  the  indicator  must  be  short 
and  direct,  and  in  some  cases  it  should  be  provided  with  a  drip  chamber 
arranged  so  as  to  collect  the  water  or  deflect  it  from  entering  the  instrument. 

In  all  cases  the  pipes  leading  to  indicators  should  be  as  short  and  direct  as 
possible. 

To  determine  the  average  power  developed  in  cases  where  the  engine  starts 
from  rest  during  the  progress  of  the  trial,  as  in  a  conmierdal  test  of  a  plant 
where  the  engine  runs  only  a  portion  of  the  twenty-four  hours,  a  number  of 
diagrams  should  be  taken  during  the  period  of  getting  up  sp>eed  and  applying 
the  working  load,  the  corresponding  speed  for  each  set  of  diagrams  being 
counted.  The  power  shown  by  these  diagrams  for  the  proportionate  time 
should  be  included  in  the  average  for  the  whole  run,  and  the  duration  should  be 
the  time  the  throttle  valve  is  open. 

XIV.  Testing  Indicator  Springs.  —  See  Arts.  329,  330,  p.  593,  of  this 
book,  which  practically  cover  the  provisions  of  the  Code. 

XV.  Brake  Horse  Power.  —  See  Chap.  X  of  this  book,  for  construction 
of  brakes,  computation  of  power,  etc, 

XVI.  Quality  of  Steam.  —  The  calorimeter,  of  whatever  type,  should 
be  attached  to  the  main  steam  pipe  close  to  the  throttle.  Concerning  the 
different  types  of  calorimeters  and  the  method  of  using  them,  see  Chap.  XIV 
of  this  book. 

The  Code  recommends  that  the  calorimeter  be  attached  to  a  vertical  pipe 
if  possible,  in  which  case  the  perforated  sampling  tube.  Fig.  374,  may  be  used. 
Where  it  is  necessary  to  attach  to  a  horizontal  piF>e,  it  is  further  recommended 
that  the  sampling  tube  be  inserted  through  the  bottom  of  the  pip>e  through  a 
stuffing  box,  and  that  readings  be  taken  at  different  points  in  the  cross  section 
of  the  steam  pipe,  the  sampling  tube  being  open  of  course  only  at  its  end.  If 
the  reading  near  the  bottom  of  the  pipe  should  show  water,  it  is  recommended 
that  a  drip  pipe  be  inserted  just  ahead  of  the  calorimeter,  through  which  pipe 
a  sufficient  quantity  of  steam  is  continuously  removed  to  take  out  the  water. 
Due  allowance  of  course  should  be  made  for  this.  If  this  scheme  does  not 
result  in  fairly  dry  steam  being  shown  in  the  calorimeter  at  all  positions  of 
the  sampling  tube,  or  if  in  the  vertical  pipe  the  indications  vary  greatly,  some- 
times exceeding  3  per  cent,  it  is  then  recommended  to  insert  a  separator. 

XVn.  Speed.  —  There  are  several  reliable  methods  of  ascertaining  the 
speed,  or  the  number  of  revolutions  of  the  engine  crank-shaft  per  minute. 
The  simplest  is  the  familiar  method  of  counting  the  number  of  turns  for  a 
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p>eriod  of  one  minute  with  the  eye  fixed  on  the  second  hand  of  a  timepiect 
x-\nother  is  the  use  of  a  counter  held  for  a  minute  or  a  number  of  mimda 
against  the  end  of  the  main  shaft.  Another  is  the  use  of  a  reliable  calibntd 
tachometer  held  likewise  against  the  end  of  the  shaft.  The  most  refiiUB 
method,  and  the  one  we  reconunend,  is  the  use  of  a  continuous  recording  o^ 
register  or  counter,  taking  the  total  reading  each  time  that  the  geneni  tot 
data  are  recorded,  and  computing  the  revolutions  per  minute  correspondqi 
to  the  difference  in  the  readings  of  the  instrument.  When  the  speed  is  aboie 
250  revolutions  per  minute,  it  is  almost  impossible  to  make  a  satisfactory  oxat- 
ing  of  the  revolutions  without  the  use  of  some  form  of  mechanical  counter. 

The  determination  of  variation  of  speed  during  a  single  revolution,  or  tk 
eflecl  of  the  fluctuation  due  to  sudden  changes  of  the  load,  is  also  desinUi^ 
especially  in  engines  driving  electric  generators  used  for  lighting  puipoid 
There  is  at  present  no  recognized  standard  method  of  making  such  detenmnir 
tions,  and  if  such  are  desired,  the  method  employed  may  be  devised  by  tbepo^ 
son  making  the  test,  and  described  in  detail  in  the  report. 

One  method  suggested  for  determining  the  instantaneous  variatioD  4 
speed  which  accompanies  a  change  of  load  is  as  follows:  A  screen  containiBl 
a  narrow  slot  is  placed  on  the  end  of  a  bar  and  vibrated  by  means  of  electridtf. 
A  corresponding  slot  in  a  stationary  screen  is  placed  parallel  and  nearly  tooA- 
ing  the  vibrating  screen,  and  the  two  screens  are  placed  a  short  distance  bm 
the  flj-^vheel  of  the  engine  in  such  a  position  that  the  observer  can  look  thromk 
the  two  slots  in  the  direction  of  the  spokes  of  the  wheel.  The  vibrations  ue 
adjusted  so  as  to  conform  to  the  frequency  with  which  the  spokes  of  the  wtel 
pass  the  slots.  When  this  is  done  the  observer  viewing  the  wheel  through  dK 
slots  sees  what  api)ears  to  be  a  stationary  flywheel.  When  a  change  in  tfce 
velocity  of  the  flywheel  occurs,  the  wheel  appears  to  revolve  either  badtwrf 
or  forward  according  to  the  direction  of  the  change.  By  careful  obser>'atii» 
of  the  amount  of  this  motion,  the  angular  change  of  velocity  during  anyghw 
time  is  revealed. 

E.xpcriments  that  have  been  made  with  a  device  of  this  kind  show  thatfl* 
instantaneous  gain  of  velocity,  upon  suddenly  removing  all  the  load  fromii 
engine,  amounted  to  from  one-sixth  to  one-quarter  of  a  revolution  of  tk 
wheel.* 

X\*III.  Recording  the  Data.  —  Take  note  of  every  event  connectJ 
with  the  progress  of  the  trial,  whether  it  seems  at  the  time  to  be  important* 
unimportant.  Record  the  time  of  every  event,  the  time  of  taking  efCff 
weight,  and  every  observ^ation.    Observe  the  pressures,  temperatures,  wiW 

•  For  further  information  concerning  the  Measurement  of  Spaced,  sec  Chap.VItt 
of  this  Ixvok.  .'Xttempts  to  study  governor  action  under  changing  loads  haveJOBfr 
times  l>een  made  by  use  of  the  ordinar>'  indicating  tachometer.  Xo  reliance  cm  hi 
placed  on  such  indications,  and  it  usually  becomes  necessary  to  arrange  for  a  thB 
indication  by  seconds  pendulum,  or  other  means,  together  ^^-ith  an  automatic  leoflrf^ 
ing  of  the  revolutions. 
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heights,  speeds,  etc.,  every  twenty  or  thirty  minutes  when  the  conditions 
are  practically  uniform,  and  at  much  more  frequent  intervals  if  the  conditions 
vary.  Observations  which  concern  the  feed-water  measurement  should  be 
made  with  special  care  at  the  expiration  of  each  hour  of  the  trial,  so  as  to 
divide  the  tests  into  hourly  periods  and  show  the  uniformity  of  the  conditions 
and  results  as  the  test  goes  forward.  Where  the  water  discharged  from  a 
surface  condenser  is  weighed  it  may  be  advisable  to  divide  the  test  by  this 
means  into  periods  of  less  than  one  hour. 

The  data  and  observations  of  the  test  should  be  kept  on  properly  prepared 
blanks  or  in  notebooks  containing  columns  suitably  arranged  for  a  dear 
record.  As  different  observers  have  their  own  individual  ideas  as  to  how  such 
records  should  be  kept,  no  s[>ecial  form  of  log  sheet  is  given  as  a  necessary 
part  of  the  code.* 

XIX.  Unipormity  of  Conditions.  —  In  a  test,  having  for  an  object  the 
determination  of  the  maximum  economy  obtainable  from  an  engine,  or  where 
it  is  desired  to  ascertain  with  special  accuracy  the  effect  of  predetermined 
conditions  of  op>eration,  it  is  important  that  all  the  conditions  under  which 
the  engine  is  operated  should  be  maintained  uniformly  constant.  This  re- 
quirement applies  esp>ecially  to  the  pressure,  the  speed,  the  load,  the  rate  of 
feeding  the  various  supplies  of  water,  the  height  of  water  in  the  gauge  glasses, 
and  the  depth  of  water  in  the  feed-water  reservoir. 

XX.  Analysis  of  the  Indicator  Diagrams.  —  (a)  Steam  Accounted  for 
by  the  Indicator. — This  is  also  known  as  the  "Diagram  Water  Rate."  See  Art. 
348,  p.  653,  of  this  book. 

(b)  Sample  Indicator  Diagrams. —  In  order  that  the  report  of  a  test  may 
afford  complete  information  regarding  the  conditions  of  the  test,  sample  indi- 
cator diagrams  should  be  selected  from  those  taken  and  copies  appended  to 
the  tables  of  results.  In  cases  where  the  engine  is  of  the  multiple-expansion 
type  these  sample  diagrams  may  also  be  arranged  in  the  form  of  a  "combined" 
diagram. 

The  Code  next  shows  methods  of  obtaining  combined  diagrams.  See  Art. 
353,  P-  661,  of  this  book. 

(c)  The  Point  of  Cut-off.— The  term  "cut-off"  as  applied  to  steam  engines, 
although  somewhat  indefinite,  is  usually  considered  to  be  at  an  earlier  point 
in  the  stroke  than  the  beginning  of  the  real  expansion  line.  That  the  cut-off 
point  may  be  defined  in  exact  terms  for  commercial  purposes,  as  used  in  steam- 
engine  specifications  and  contracts,  the  Committee  recommends  that,  unless 
otherwise  specified,  the  commercial  cut-off,  which  seems  to  be  an  appropriate 
expression  for  this  term,  be  ascertained  as  follows:  Through  a  point  showing 
the  maximum  pressure  during  admission,  draw  a  line  parallel  to  the  atmos- 
pheric line.  Through  the  point  on  the  expansion  line  near  the  actual  cut-off, 
draw  a  hjrperbolic  curve.    The  point  where  these  two  lines  intersect  is  to  be 

*  See  the  log  forms  used  in  Sibley  College,  pp.  771,  772,  and  773  of  this  book. 
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considered  the  commercial  cul-off  point    Hie  percentage  b  then  foodij 
dividing  the  length  of  the  diagnun  measured  to  this  point,  by  the  totill 
of  the  diagram,  and  multiplying  the  result  by  loo. 

The  principle  involved  in  locating  the  conunerdal  cut-off  is  shown  ni 
494  and  495,  the  first  of  which  represents  a  diagram  from  a  slow-speed' 


Fig.  494. 


H    Q 


Fig.  495. 


engine,  and  the  second  a  diagram  from  a  single- valve  high-speed  engine* 
the  latter  case,  where,  owing  to  the  fling  of  the  pencil,  the  steam  line  vit 
the  maximum  pressure  is  found  by  taking  a  mean  of  the  vibrations  »t 
highest  point. 

The  commercial  cut-off y  as  thus  determined,  is  situated  at  an  earlier  poD* 
the  stroke  than  the  actual  cut-off  referred  to  in  computing  the  "  steam  1 
for"  by  the  indicator  in  Section  XX  (a). 

(d)  Ratio  of  Expansimi. —  The  ratio  of  expansion  for  a  simple  engine  » 
termined  by  dividing  the  volume  corresponding  to  the  piston 
including  clearance,  by  the  volume  of  the  steam  at  the  commercial 
including  clearance. 

In  a  multiple-expansion  engine  it  is  determined  by  dividing  the  net  V 
of  the  steam  indicated  by  the  low-pressure  diagram  at  the  end  of  the  ei9> 
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aaed  to  be  oontimied  to  the  end  of  the  stroke,  by  the  net  volume  of 
ii  at  the  maximum  pressure  during  admission  to  the  high-pressure 

niiip]e»  in  a  simple  engine,  referring  to  Figs.  494  and  495,  the  ratio  of 
a  is  the  entire  distance  HF  including  clearance,  divided  by  the  distance 

iding  clearance;  that  is, -=:^* 

I  compound  engine,  referring  to  the  combined  diagram,  Fig.  496,  the 
expansion  is  the  distance  CD  divided  by  the  distance  ^^;  in  which 


Ratio  of  _,  CD 

AB 


Fig.  496. 

aie  points  on  the  compression  and  expansion  lines  respectively  of  the 
Wtre  diagmm,  the  latter  being  near  the  point  of  cut-off;  and  £?  and  G, 
I  ^  compicaaioii  and  expansion  lines  of  the  low-pressure  diagram, 
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the  latter  being  near  the  point  of  release,  and  the  curves  EA,  FBy  HC,  and 
GD  being  hyperbolic.  If  it  is  desired  to  determine  the  ratio  without  laying  out 
the  combined  diagram  it  can  be  done  by  drawing  on  the  original  diagrams  the 
hyperbolic  curves  referred  to  above,  and  multipl3ring  the  ratio  of  volumes  of 
the  cylinders,  first  by  the  ratio  of  the  length  of  the  high-pressure  diagram  lo 
the  distance  AB  and  then  by  the  ratio  of  the  distance  CD  to  the  length  of  the 
low-pressure  diagram. 

(e)  Diagram  Factor.  —  The  diagram  factor  is  the  prc^rtion  borne  by  the 
actual  mean  effective  pressure  measured  from  the  indicator  diagram  to  that 
of  a  diagram  in  which  the  various  operations  of  admission,  expansion,  release, 
and  compression  are  carried  on  under  assumed  conditions.  The  factor  rec- 
ommended refers  to  an  ideal  diagram  which  represents  the  Tna-n'TnuTn  power 
obtainable  from  the  steam  accounted  for  by  the  indicator  diagrams  at  the 
point  of  cut-off,  assimiing  first  that  the  engine  has  no  clearance;  second,  that 
there  are  no  losses  through  wire-drawing  the  steam  either  during  the  admission 
or  the  release;  third,  that  the  expansion  line  is  a  hyperbolic  curve;  and  fourth, 
that  the  initial  pressure  is  that  of  the  boiler  and  the  back  pressure  that  of 
the  atmosphere  for  a  non-condensing  engine,  and  of  the  condenser  for  a  con- 
densing engine. 

The  diagram  factor  is  useful  for  comparing  the  steam  distribution  losses  in 
different  engines,  and  is  of  special  use  to  the  engine  designer,  for  by  multi- 
plying the  mean  effective  pressure  obtained  from  the  assumed  theoretical 
diagrams  by  it  he  will  obtain  the  actual  mean  effective  pressure  that  should 
be  developed  in  an  engine  of  the  type  considered-  The  expansion  and  com- 
pression curves  are  taken  as  h>'perbolas,  because  such  curves  are  ordinarily 
used  by  engine  builders  in  their  work,  and  a  diagram  based  on  such  curves  will 
be  more  useful  to  them  than  one  where  the  curves  are  constructed  according 
to  a  more  exact  law. 

In  cases  where  there  is  a  considerable  loss  of  pressiure  between  the  boiler 
and  the  engine,  as  where  steam  is  transmitted  from  a  central  plant  to  a  num- 
ber of  consumers,  the  pressure  of  the  steam  in  the  supply  main  should  be  used 
in  place  of  the  boiler  pressure  in  constructing  the  diagrams. 

The  method  of  determining  the  diagram  factor  is  best  shown  by  referring 
to  Figs.  497  to  500,  which  apply  to  a  simple  non-condensing  engine,  a  simple 
condensing  engine,  and  a  compound  condensing  engine. 

In  Fig.  4Q7  RS  represents  the  volume  of  steam  at  boiler  pressure  admitted 
to  the  cylinder,  PR  and  OS  being  hv-perbolic  curves  dra¥n[i  through  the  com- 
pression and  cut-off  points  respectively.  In  Fig.  498  the  factor  is  the  proportion 
borne  by  the  area  of  the  actual  diagram  to  that  of  the  diagram  CNHSK,  In 
Fig.  499  the  factor  is  the  proportion  borne  to  the  area  of  the  diagram  CNHSK. 
In  Fig.  500  the  factor  is  the  proportion  borne  by  the  area  of  the  two  combined 
diagrams  to  the  area  CXHSK.  In  Fig.  408,  where  the  diagram  is  the  same  as 
in  Fig.  497,  the  distance  C.V  is  laid  off  equal  to  RS  shown  in  Fig.  497,  and  the 
curve  NH  is  a  hyperbola  referred  to  the  zero  lines  CM  and  MJ.    In  Fig.  499 
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la  equal  to  RS  in  l\i,  io: 


It 

L 
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^  Zero  Liue  •>!  Pi«mire 
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the  distance  CN  is  found  in  ^  similar  way.  In  Fig.  500  the  distance  CN  for 
the  high-pressure  cylinder  is  found  in  the  same  manner  as  in  the  case  of  a 
simple  engine.  The  mean  effective  pressure  of  the  ideal  diagram  can  readily 
be  obtained  from  the  formula 

|(i+Hyp.Log.  R.)-/^.  (i) 

where  P  is  the  absolute  pressure  of  the  steam  in  the  boiler,  R  the  ratio  ^^> 

and  p  the  pressure  of  the  atmosphere  or  in  the  condenser. 

XXI.  Standards  of  Economy  and  Efficiency.  —  The  hourly  consump- 
tion of  heat,  determined  by  employing  the  actual  temperature  of  the  feed 
water  to  the  boiler,  as  pointed  out  in  Article  IX  of  the  Code,  divided  by  the 
indicated  and  brake  horse  power,  that  is,  the  number  of  heat  units  consumed 
per  indicated  and  per  brake  horse  power  per  hour,  are  the  standards  of 
engine  efficiency  recommended  by  the  Committee.  The  consumption  per 
hour  is  chosen  rather  than  the  consiunption  per  minute,  so  as  to  con- 
form with  the  designation  of  time  applied  to  the  more  familiar  units  of 
coal  and  water  measurement,  which  have  heretofore  been  used.  The  Brit- 
ish standard,  where  the  temperature  of  the  feed  water  is  taken  as  that 
corresponding  to  the  temperature  of  the  back-pressure  steam,  allowance 
being  made  for  any  drips  from  jackets  or  reheaters,  is  also  included  in  the 
tables. 

It  is  useful  in  this  connection  to  express  the  efficiency  in  its  more  scientific 
form,  or  what  is  called  the  'thermal  efficiency  ratio."  The  thermal  effi- 
ciency ratio  is  the  proportion  which  the  heat  equivalent  of  the  power  devel- 
oped bears  to  the  total  amount  of  heat  actually  consumed,  as  determined  by 
test.  The  heat  converted  into  work  represented  by  one  horse  power  is 
1,980,000  foot-pounds  per  hour,  and  this  divided  by  778  equals  2545  B.t.u. 
Consequently,  the  thermal  efficiency  ratio  is  expressed  by  the  fraction 

2545 


B.t.u.  per  H.P.  per  hour 


Memoranda  Regarding  the  British  Standard.  —  The  principal  objec- 
tion which  the  Committee  has  to  the  use  of  the  British  standard  of  engine 
economy  for  the  leading  place  is  as  follows: 

The  practical  utility  of  an  engine  depends  almost  wholly  upon  the  fact 
that  it  is  used  for  some  form  of  industrial  work,  and,  in  combination  with  a 
boiler  and  various  appurtenances,  it  is  a  part  of  a  complete  power  plant. 
Were  it  not  for  the  unreliable  character  of  coal  and  other  fuels,  the  proper 
standard  of  economy  for  such  an  engine,  with  a  boiler  of  given  efficiency, 
would  be  the  fuel  consumed,  because  fuel  is,  in  reality,  the  source  of  the  power, 
and  this  is  the  most  important  thing  to  be  supplied  in  operating  the  engine. 
The  use  of  a  standard  of  heat  units  in  place  of  fuel  meets  the  objection- 
able characteristics  of  coal  due  to  its  heat  variability,  and  in  doing  this  it 
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short  iana  of  r^)ort  for  a  feed-waxer  test.  It  is  the  intentioa  that  the  tabks 
should  be  mil  enough  to  apply  to  any  type  of  t^^n^,  bat  where  not  so,  or 
where  aperial  data  and  results  are  determined^  adrfitinnal  lesalts  may  be 
inserted  under  the  appropriate  headings.  Although  these  faena  are  arrangtd 
so  as  to  be  used  tor  expressing  the  principal  data  and  teaolts  of  tests  of  pump- 
ing engines  and  locomotives,  as  well  as  for  all  other  dasses  of  steam  engines, 
it  is  not  the  intention  that  they  shall  supplant  the  Uxnns  recoauxiended  by  ±e 
committees  on  Duty  Trials  and  Locamodvesy  ia  cases  where  the  full  report 
of  a  test  of  such  engines  is  desired. 

It  is  recommended  that  any  report  be  sopplemiaited  by  &  diart  in  which 
the  data  of  the  test  is  graphically  presented. 

T.\BLE  XO.  L 

Data  and  Results  ow  Steam-Engdie  Test. 

Arranged  according  to  the  Complete  Form  advised  by  the  Engfne  Test  Com- 
mittee of  the  American  Society  of  Mechanical  Engineers.     Code  of  190:. 

1.  Made  by of 

on  engine  located  at 

to  determine 

2.  Date  of  trial 

3.  Type  of  engine  (simple,  compound,  or  other  multiple  apansosi;  condens- 

ing or  non-condensing) 


4.  Class  of  engine  ('mill,  marine,  locomotive,  pumping,  electric,  or  other)     . 

5.  Rated  power  of  engine 

6.  Name  of  builders  

7.  Number  and  arrangement  of  cylinders  of  engine;  how  lagged;  type  of  con- 

denser       

8.  T>-pe  of  valves    

9.  Tv-pe  of  boiler  

ro.    Kind  and  t>-pe  of  auxiliaries  (slit,  circulating,  main,  and  feed  pumps: 
jackets,  heater^,  etc. }        


II.   Dimensions  of  enj^Ine 

(.J •  Single  or  double  acting 

(7?)   CvUnder  dimensions: 

Bore    in. 

Stroke ft. 

Diameter  of  piston  rod in. 

Diameter  of  tail  rod in. 


nt  QfL      k1  Cyl      3d  Cyl 
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1st  Cyl.      2d  Cyl.      3d  Cyl. 

(c)  Clearance  in  per  cent  of  volume  displaced 

by  piston  per  stroke: 

Head  end 

Crank  end 

Average 

(d)  Surface  in  square  feet  (average) 

Barrel  of  cylinder 

Cylinder  heads 

Clearance  and  ports 

Ends  of  piston 

(e)  Jacket  surfaces  or  internal  surfaces  of  cyl- 

inder heated  by  jackets,  in  square  feet: 

Barrel  of  cylinder 

Cylinder  heads 

Clearance  and  ports 

Receiver  jackets 

(J)   Ratio  of  volume  of  each  cylinder  to  volxune 

of  high-pressure  cylinder, 
(g)  Horse-power  constant  for  one  pound  mean 

effective  pressure,  and  one  revolution 

per  minute 

12.  Dimensions  of  boilers: 

(a)  Number 

(b)  Total  grate  surface q.  ft 

(c)  Total  water-heating  surface  (external) 

((f)  Total  steam-heating  surface  (external) 

13.  Dimension  of  auxiliaries: 

(a)  Air  pump 

(b)  Circulating  pump 

(c)  Feed  pumps 

m 

(d)  Heaters 

14.  Dimensions  of  condenser 

15.  Size,  length,  and  number  of  turns  in  main  steam  pipe  leading  from  the 

boiler  to  the  engine 

16.  Give  description  of  main  features  of  plant,  and  illustrate  with  drawings  to 

be  given  on  an  appended  sheet. 


ii 
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Total  QuatUUies,  Time,  Etc. 

17.  Duration  of  test hours. 

18.  Length  of  time  engine  was  in  motion  with  throttle  open. . 

19.  Length  of  time  engine  was  running  at  normal  ^)eed 

20.  Water  fed  to  boilers  from  main  source  of  supply lbs. 

21.  Water  fed  from  auxiliary  supplies: 

(a)  

W   

W    

22.  Total  water  fed  to  boilers  from  all  sources " 

23.  Moisture  in  steam  or  superheating  near  throttle per  cent  or  d 

24.  Factor  of  correction  for  quality  of  steam,  dry  steam  being 

unity 

25.  Total  dry  steam  consimied  for  all  purx)oses  * lbs. 

26.  Total  coal  as  fired  f " 

27.  Moisture  in  coal per  cent 

28.  Total  dry  coal  consumed lbs. 

29.  Ash  and  refuse " 

30.  Percentage  of  ash  and  refuse  to  dry  coal per  cent 

31.  Calorific  value  of  coal  by  calorimeter  test  per  pound  of  diy 

coal,  determined  by calorimeter B.t.u. 

32.  Cost  of  coal  per  ton  of  2240  lbs $ 

Hourly  Quantities. 

33.  Water  fed  from  main  source  of  supply lbs. 

34.  Water  fed  from  auxiliary  supplies: 

(a)   

(J)   

W    

35.  Total  water  fed  to  boilers  per  hour ** 

36.  Total  dry  steam  consumed  per  hour *' 

37.  Loss  of  steam  and  water  per  hour  due  to  drips  from  main 

steam  pipes  and  to  leakage  of  plant '* 

38.  Net  dry  steam  consumed  per  hour  by  engine  and  auxiliaries  " 

39.  Dry  steam  consumed  per  hour: 

(a)  Main  cylinders *' 

(6)  Jackets  and  reheaters " 

(c)  Air  pump ** 

*  In  case  of  superheated  steam  engines,  determine,  if  practicable,  the  tempa 
ture  of  the  steam  in  each  cylinder. 

t  Where  an  independent  superheater  is  used,  this  includes  ooftl  burned  in  tl 
superheater. 
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(d)  Circulating  pump lbs. 

(e)  Feed-water  pump 

(J)  Other  auxiliaries 

40.  Dry  coal  consumed  per  hour: 

(a)  During  running  period 

(6)  During  banking  period 

(c)  Total 

41 .  Injection  or  circulating  water  supplied  condenser  per  hour .         cu.  ft. 


n 
n 
il 


Pressures  and  Temperatwes  {Corrected), 

42.  Steam  pressure  at  boiler  by  gauge lbs.  per  sq.  in. 

43.  Steam-pipe  pressure  near  throttle,  by  gauge " 

44.  Barometric  pressure  of  atmosphere  in  inches  of  mercury . .  ins. 

45.  Pressure  in  first  receiver  fcy  gauge lbs.  per  sq.  in. 

46.  Pressure  in  second  receiver  by  gauge " 

47.  Vacuum  in  condenser: 

(a)  In  inches  of  mercury ins. 

{b)  Corresponding  total  pressure lbs.  per  sq.  in. 

48.  Pressure  in  steam  jacket  by  gauge 

49.  Pressure  in  reheater  by  gauge 

50.  Moisture  in  steam  or  superheating  at  boilers p.  c.  or  deg.  F. 

51.  Superheating  of  steam  in  first  receiver deg.  Fahr. 

52.  Superheating  of  steam  in  second  receiver 

53.  Temperature  of  main  supply  of  feed  water  to  boilers 

54.  Temperature  of  auxiUary  supplies  of  feed  water: 

(«) 

w 

w 

55.  Ideal  feed-water  temperature  corresponding  to  the  pressure 

of  the  steam  in  the  exhaust  pipe,  allowance  being  made 

for  heat  derived  from  jacket  or  reheater  drips " 

56.  Temperature  of  injection  or  circulating  water  entering  con- 

'  denser " 

57.  Temperature  of  injection  or  circulating  water  leaving  con- 

denser   " 

58.  Temperature  of  chimney  gases  entering  economizer 

59.  Temperature  of  chimney  gases  leaving  economizer 

60.  Temperature  of  water  entering  economizer 

61.  Temperature  of  water  leaving  economizer 

62.  Temperature  of  air  in  boiler  room 

63.  Temperature  of  air  in  engine  room 
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^.    Bra:  -iz-'-i  ■iiiciwiicti  per  hi:ur  ziiiz.  icppLy 


6.5.   TrciL  hear,  'iriii  z-.rcsuzieti  p«er  bjur  for  ill  pczpcses 

6*1.   L*:-s»  -ic  bieu.:  p«^r  b.-ur  r-u;  :o  jfokj^  oc  pui=.L.  dripe^  etc   . 

7c-    Hwa:  -jzl'-i  'ji: ciuinei  p«ir  hour: 

:    By  rrr.xir.e  u.-ne 

:     By  a.iAilij.~e:i  

7:.   Hea:  uniis  •:uc:^unc1i  r^r  b:ur  by  :±e  eczirae  liooe.  reck- 
ooeii  frjcn  :emp«en:ure  zivec  iz.  If^ii  55 


u 


Iikiiczzor  Di^^^ms. 


r«  Cfl      «d  CjL      3d  Cy. 


« 


-:.    L:L.*.-il  r:r^.^-r-:  >"  -  -^^  :•.:  >:    i^    i:*.v^  ainoss- 


.:.    r>i::c-:  rr^sur:;    1:    tt.:  i-^'.z .  il  :    i.r-z     :z    >^iO 


'-  -  ^'^ 


-t     Me^-  vf::-.::-. 


"?.  -  •■-■    ■> 


t . 


,      J  ,  J^^'    ^    ^^    •—*,_-  ^...•^-»         ^--•*.-  «  ^..^s..^.*.  ----.  Aw-.-         ^.r-«te« 

S*^  1—-    - 

:     R-rivrr-ri  :•.  Irs:  •r.\:nivr. . . 

--.    .        .         ...      ... 

;     RcicrTc'i  '•:  :n:r  :  :y..- i^r  

T-.    rrei---:v5  iT.[  rcr-.--.-.^j-.<  •j.^'-f  ir.  orr.rutiiiz  the 


■  »...   •        •     -v      •-. 


r*.:r/.i  oz.  :r.c  expansion 


Prc=i'-rc  j.:.*.vx:  zero  1.1  :.*,•<.  p<T  s^:^.  m.: 

J    Near  cui-oil 

'     Near  release 

■ '-,  Near  beginning  of  compression 


• 
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ist.  Cyl.     2d  Cyl.     3d  Cyl. 

Percentage  of  stroke  at  points  where  pressures 
are  measured: 

(a)  Near  cut-off 

(6)  Near  release 

(c)  Near  beginning  of  compression 

78.  Aggregate  M.E.P.  in  lbs.  per  sq.  in.  referred  to 

each  cylinder  given  in  heading 

79.  Mean  back-pressure  above  zero,  lbs.  per  sq.  in. . . 

80.  Steam  accounted  for  in  lbs.  per  indicated  horse 

power  per  hour: 

(a)  Near  cut-off 

(6)  Near  release 

81 .  Ratio  of  Expansion 

82.  Mean  effective  pressure  of  ideal  diagram lbs.  per  sq.  in. 

83.  Diagram  factor per  cent 

Speed. 

84.  Revolutions  per  minute rev. 

85.  Piston  speed  per  minute ft. 

86.  Variation  of  speed  between  no  load  and  full  load rev. 

87.  Fluctuation  of  speed  on  suddenly  changing  from  full  load 

to  no  load,  measured  by  the  increase  in  the  revolutions 

due  to  the  change " 

Power. 

88.  Indicated  horse  power  developed  by  main-engine  cylinders: 

First  cylinder H.P. 

Second  cylinder 

Third  cylinder 

Total 

89.  Brake  H.P.,  electric  H.P.,  pump  H.P.,  or  dynamo  H.P., 

according  to  the  class  of  engine 

90.  Friction  I.H.P.  by  diagrams,  no  load  on  engine,  computed 

for  average  speed 

91.  Difference  between  indicated  H.P.  and  brake  H.P 

92.  Percentage  of  indicated  H.P.  of  main  engine  lost  in  friction .       per  cent. 

93.  Power  developed  by  auzfliarics: 

(a)  ' H.P. 
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3i:«ii, 


SUndard  Eficiency  ResuUs. 

Heat  units  <:on.sumed  by  engine  and  auriliarif^ 

'ii)  P«!r  indiciicfi  horse  power. . .         B.:.x 

(h)   P»'r  brakt!  horse  pr)wer 

Ov  i'>tuivairnt  standard  coal  consumed  by  engine  and  aiudl* 
iJin<r->  p«rr  hour,  absuming  caiorinc  value  :9iciL  clsLt 
lo.cco  li.i.u.  arc  imparted  to  the  boiler  per  lb.: 

(ii)  I'rr  inriirAU:d  horse  power lbs. 

'h;   p<'r  br.'ilc*^  horse  power 

*/>.    Hr^i  units  '-onsumed  per  minute: 

(<i)  J^rr  indiratjKd  horse  power  . .  B.lj. 

h,   PfT  braki*  hon»e  power. .  

r;7.  ffrat.  uniu  consumerl  by  engine  per  hour  correspoiidiiig  to 
irlral  maximum  r^^mperature  of  feed  water  given  in 
lin«t  ^  V  British  sunriard: 

(a)   Pt^r  indicr'iliid  hor:ie  power *• 

^h)   F'rr  brake  horse  power  

EficUncy  Ratios. 

r^.  Thermal  ctTirioncy  ratio: 

^;;   FVr  indifat«td  horse  power per  cenL 

(h)  FVr  brak<:  hr>rs<:  fK)wer 

(f.)  Ratio  of  (rthrirnry  of  engine  to  that  of  an  ideal 
ginr  working  with  the  Rankine  cycle 


Xfiny^/l'ifurous  F.fTu:Unc\  Results. 


* 


4* 


•  ■ 


•  « 


«• 


r/f,    Dry  ^tf-nm  ronsumcrl  prr  indiratcd  H.P.  per  hour: 

('I)   M.'iin  rylindrr.  in<  ludincj  jackets lbs. 

(h,   Auxiliiiry  <  ylindiT^^.  r-tc 

ff.)    F^nc^inr  and  auxiliaries  

roo    r)ry  str-am  ron-.umi-d  [>«t  hrakt-  FT. P.  per  hour: 

('i\   Main  <  ylindcrs.  including  jackets      lbs. 

(h)   Auxiliarv  (  vlinflrr^.  etc.  

(f )    Knj^inf  and  auxiliarit-s  

ror.  FVrf rritaj<<'  of  ^t«am  uvrd  by  main-engine  c\'linders  ac- 
count/d  for  by  indicator  diagrams: 

lit  CyL     ad  CyL      .«!  C>1 

(n)  War  rut-off  .        ...  

(h)  Near  rd ea.se  

*  The  horse  p<^)wer  on  which  the  alwve  eOiciency  results  (items  94  to  103)  are 
baser!  i^  that  of  the  main  engine,  exclusive  of  auxiliaries. 
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102.  Dry  coal  consumed  by  combined  engine  and  boiler  plant 

per  I.H.P.  per  hour: 

(a)  During  running  period lbs. 

{b)  During  banking  period " 

(c)  Total 

103.  Dry  coal  consumed  by  combined  engine  and  boiler  plant 

per  brake  H.P.  per  hour: 

(a)  During  running  period 

(b)  During  banking  period 

(c)  Total " 

104.  Water  evaporated  under  actual  conditions  per  poimd  of 

dry  coal lbs. 

105.  Equivalent  evaporation  from  and  at  212®  F.  per  poimd  of 

dry  coal " 

106.  Efficiency  of  boilers  based  on  dry  coal per  cent 

107.  Combined  efficiency  of  boiler  and  engine  plant " 

Additional  Calculations  Recommended  for  Special  Classes  of  Steam  Engines, 

Water-piunping  Engines. 

108.  Duty  per  1,000,000  heat  units  imparted  to  the  boiler ft.-lbs. 

109.  Duty  per  1000  pounds  of  dry  steam 

no.  Duty  per  100  pounds  of  actual  coal  consumed  by  plant. . 

111.  Number  of  gallons  of  water  pxmiped  in  24  hours gals. 

Locomotives. 

112.  Dynamometric  horse  power H.P. 

113.  "Standard  Coal"  of  12,500  B.t.u.  value  consmned,  per 

dynamometric  H.P.  per  hour lbs. 

Electric-light  Engines  and  those  Driving 
Generators  for  Electric  Railways. 

114.  Current amperes. 

115.  Electro-motive  force volts. 

116.  Electrical  power  generated  in  watts watts. 

117.  Electrical  horse  power  generated H.P. 

118.  Efficiency  of  generator per  cent 

119.  Heat  units  consumed  per  electrical  horse  power  per  hour  B.t.u. 

120.  Dry  steam  consumed  per  electrical  horse  power  per  hour  lbs. 

121.  Dry  coal  consumed  per  electrical  horse  power  per  hour: 

(a)  During  running  period lbs. 

(b)  During  banking  period " 

(c)  Total : 
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Additional  Data. 

Add  any  additional  data  bearing  on  the  particular  objects  of  the  totj 
relating  to  the  special  class  of  service  for  which  the  engine  is  used.  Ms 
copies  of  indicator  diagrams  nearest  the  mean  and  the  com^ndingscaks. 


TABLE  NO.  n. 

Data  and  Results  of  Standard  Heat  Test  of  Steam  Engwl 

Arranged  according  to  the  Short  Form  advised  by  the  Engine  Test  Coi 
of  the  American  Society  of  Mechanical  Engineers.    Code  of  1902 

1.  Made  by of 

on  engine  located  at 

to  determine 

• •• ^ 

2.  Date  of  trial 

3.  Type  and  class  of  engine;  also  of  condenser 

xstCyL    adCyt   t^O^ 

4.  Dimension  of  main  engine: 

(a)  Diameter  of  cylinder in. 

(b)  Stroke  of  piston ft. 

(c)  Diameter  of  piston  rod .in. 

(d)  Average  clearance p.c. 

(e)  Ratio  of  volume  of  cylinder  to  high-pres- 

sure cylinder 

(/)  Horse-power  constant  for  one  pound  mean 
effective  pressure  and  one  revolution  per 
minute 

5.  Dimensions  and  type  of  auxiliaries 

, , .  4 

Total  Quantities f  Time,  Etc, 

6.  Duration  of  test h«®. 

7.  Total  water  fed  to  boilers  from  main  source  of  supply ^ 

8.  Total  water  fed  from  auxiliary  supplies: 

(a)   « 

(b)    ** 

w I 

**    Total  water  fed  to  boilers  from  all  sources 

»isture  in  steam  or  superheating  near  throttle p.  c 

"  of  correction  for  quality  of  steam 

y  steam  consumed  for  all  purposes 
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Hourly  QtiantUies. 

13.  Water  fed  from  main  source  of  supply lbs. 

14.  Water  fed  from  auxiliary  supplies: 

(a)   

(6)    

W  

15.  Total  water  fed  to  boilers  per  hour 

16.  Total  dry  steam  consumed  per  hour 

17.  Loss  of  steam  and  water  per  hour  due  to  drips  from  main 

steam  pipes  and  to  leakage  of  plant 

18.  Net  dry  steam  consumed  per  hour  by  engine  and  auxiliaries 

Pressures  and  Temperatures  {Corrected). 

19.  Pressure  in  steam  pipe  near  throttle  by  gauge lbs.  per  sq.  in. 

20.  Barometric  pressure  of  atmosphere  in  inches  of  mercury . .  ins. 

21.  Pressure  in  receivers  by  gauge lbs.  per  sq.  in. 

22.  Vacuum  in  condenser  in  inches  of  mercury ins. 

23.  Pressure  in  jackets  and  reheaters  by  gauge lbs.  per  sq.  in. 

24.  Temperature  of  main  supply  of  feed  water deg.  Fahr. 

25.  Temperature  of  auxiliary  supplies  of  feed  water: 

(a)    

(b)    

W  

26.  Ideal  feed- water  temperature  corresponding  to  pressure 

of  steam  in  the  exhaust  pipe,  allowance  being  made 

for  heat  derived  from  jacket  or  reheater  drips " 

Data  Relating  to  Heat  Measurement. 

27.  Heat  units  per  pound  of  feed  water,  main  supply B.t.u. 

28.  Heat  units  per  pound  of  feed  water,  auxiliary  supplies: 

(a)    

(b)    

W  • 

29.  Heat  units  consumed  per  hour,  main  supply 

30.  Heat  units  consumed  per  hour,  auxiliary  supplies: 

(a)    

(b)    

(c)    

31.  Total  heat  units  consumed  per  hour  for  all  purposes 

32.  Loss  of  heat  per  hour  due  to  leakage  of  plant,  drips,  etc.  . 

33.  Net  heat  units  consumed  per  hour: 

(a)  By  engine  alone 

(b)  By  auxiliaries 

34.  Heat  units  consumed  per  hour  by  engine  alone,  reckoned 

from  temperature  given  in  line  26 
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Indicator  Diagfams. 

35.  Commercial  cut-off  in  per  cent  of  stroke 

36.  Initial  pressure  in  pounds  per  square  inch  above 

atmosphere 

37.  Back  pressure  at  mid-stroke,  above  or  below  at- 

mo^here  in  pounds  per  square  inch 

38.  Mean  effective  pressure  in  lbs.  per  sq.  in 

39.  Equivalent  mean  effective  pressure  in  lbs.  per 

sq.  in.: 

(a)  Referred  to  first  cylinder 

(b)  Referred  ro  second  cylinder 

(c)  Referred  to  third  cylinder 

40.  Pressures  and  percentages  used  in  computing 

the  steam  accounted  for  by  the  indicator  dia- 
grams, measured  to  points  on  the  expansion 
and  compression  curves. 
Pressure  above  zero  in  lbs.  per  sq.  in.: 

(a)  Near  cut-off 

(b)  Near  release 

(c)  Near  beginning  of  compression 

Percentage  of  stroke  at  points  where  pressures 

are  measured: 

(a)  Near  cut-off 

(b)  Near  release 

(c)  Near  beginning  of  compression 

41.  Steam  accounted  for  by  indicator. in  pounds  per 

I.H.P.  per  hour: 

(a)  Near  cut-off 

(b)  Near  release 

42.  Ratio  of  expansion 

Speed. 

43.  Revolutions  oer  minute ^' 

Power. 

44.  Indicated  horse  power  developed  by  main-engine  cylinders: 

First  cylinder H.P 

Second  cylinder 

Third  cylinder 

Total " 

5.  Brake  horse  power  developed  by  engine 
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Standard  Efficiency  and  other  Results,* 

46.  Heat  units  consumed  by  engine  auxiliaries  per  hour: 

(a)  Per  indicated  horse  power B.t-U, 

(J))  per  brake  horse  power " 

47.  Equivalent  standard  coal  in  lbs.  per  hour: 

(a)  Per  indicated  horse  power. lbs. 

(6)  Per  brake  horse  power " 

48.  Heat  units  consmned  by  main  engine  per  hour  correspond- 

ing to  ideal  maximum  temperature  of  feed  water  given 
in  line  26,  British  standard: 

(a)  Per  indicated  horse  power B.t.u. 

(b)  Per  brake  horse  power " 

49.  Dry  steam  consiuned  per  indicated  horse  power  per  hour: 

(a)  Main  cylinders  including  jackets lbs. 

{b)  Auxiliary  cylinders 

(c)  Engine  and  auxiliaries 

50.  Dry  steam  consumed  per  brake  horse  power  per  hour: 

(a)  Main  cylinders  including  jackets 

(6)  Auxiliary  cylinders 

(c)  Engines  and  auxiliaries 

51.  Percentage  of  steam  used  by  main-engine  cylinders  ac- 

counted for  by  indicator  diagrams,  near  cut-ofiF  of  high- 
pressure  cylinder per  cent 

Additional  Data. 

Add  any  additional  data  bearing  on  the  particular  objects  of  the  test  or 
relating  to  the  special  class  of  service  for  which  the  engine  is  used.  Also  give 
copies  of  indicator  diagrams  nearest  the  mean,  and  the  corresponding  scales. 


TABLE  NO.  in. 

Data  and  Results  of  Feed-water  Test  of  Steam  Engine. 

Arranged  according  to  the  Short  Form  advised  by  the  Engine  Test  Conunittee 
of  the  American  Society  of  Mechanical  Engineers.    Code  of  1902. 

I.  Made  by of 

on  engine  located  at 

to  determine 


*  The  horse  power  referred  to  above  (items  46-50)  is  that  of  the  main  engine, 
ezdiisive  of  auxiliaries. 
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2.  Date  of  trial 

3.  T>'pe  of  engine  (.simple,  compound,  or  other  multiple  esqpansion;  condens- 

ing or  non-condensing; 

4.  Class  of  engine  ( mill,  marine,  locomotive,  pumping,  ekctric,  or  other; 

5.  Rated  power  of  engine 

6.  Name  of  builders   

7.  Number  and  arrangement  of  cylinders  of  engine;  how  lagged;  t>'pe  oi 

valves  and  of  condensers 


8.    Dimensions  of  engine 

(tz)  Single  or  double  acting 

{b)  Cylinder  dimensions: 

Bore in. 

Stroke ft. 

Diameter  of  piston  rod in. 

Diameter  of  tail  rod in. 

(c)   Clearance  in  per  cent  of  volume  displaced 
by  piston  per  stroke: 

Head  end 

Crank  end 

Average 

(J)  Ratio  of  volume  of  each  c>'Hnder  to  volume 

of  high-pressure  cylinder.  

(e)  Horse-{X)\ver  constant  for  one  pound  mean 

effective  pressure,  and  one  revolution 


nt  CyL      ad  CyL       3d  C>I. 


|.r^A.    iLtAiitAw^  ....        • 

Totdi  Qtuintities.  Time,  Etc, 

Q    Duration  of  test .                                           

hours. 

10.   Water  feil  to  boilers  from  main  source  of  supply 

lbs. 

1 1.   Water  fed  from  auxiliiiry  supplies: 

''a/....*                                                                                                        .•>>••••••••• 

•  • 

./..    ...                                                 

(C 

•     • 

h'    ...                                       

•     • 

c« 


1 2.  Total  water  fed  from  all  sources 

13.  Moisture  in  steam  or  su^x^rheatinp:  near  throttle  * p.  c  or  deg. 

14.  Factor  of  correction  for  quality  of  steam 

15.  Total  dry  steam  consumed  for  all  purposes    lbs. 

"  Tn  (.1^  of  suf>rrhcitcH  ^tcam  cnidnes.  determine,  if  practicable,  the  tempsntnie 

of  tlif  <t('.im  in  each  cvlinder. 
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Hourly  QuanlilUs. 

.   Water  fed  from  main  source  of  supply 

,   Water  fed  from  auxiliary  supplies: 

(«)   

(6)    

(c) 

.  Total  water  fed  to  boilers  per  hour 

.  Total  dry  steam  consumed  per  hour 

.   Loss  of  steam  and  water  per  hour  due  to  lealtage  of  plant, 

drips,  etc 

.  Net  dry  steam  consumed  per  hour  by  engine  and  auxiliaries 
.   Dry  steam  consumed  per  hour: 

(o)  Main  cylinders 

(b)  Jackets  and  reheaters 


Pressures  and  Temperatures  {Corrected). 

23.  Steam-pipe  pressure  near  throttle,  by  gauge lbs.  per  sq.  in. 

24.  Barometric  pressure  of  atmosphere  in  inches  of  mercury . .  ins. 

23.   Pressure  in  first  receiver  by  gauge lbs.  per  sq.  in. 

16.  Pressure  in  second  receiver  by  gauge " 

2J.   Vacuum  in  condenser: 

(ii)  In  inches  of  mercury , ins. 

(b)  Corresponding  total  pressure ,  lbs.  per  sq.  in. 

28.    Pressure  in  steam  jackets  by  gauge " 

jq.    Pressure  in  reheater  by  gauge " 

30.  Superheating  of  steam  in  first  receiver deg.  Fahr 

31.  Superheating  of  steam  in  second  receiver " 


Indicator  Diagra 


er  cent  of  stroke 

per  sq.  in.  above  atmos- 


32.  Commercial  cut-off 

33.  Initial  pressure  in  1 

phere 

34.  Back-pressure  at  mid-stroke  above  or  b 

mosphere  in  lbs.  per  sq.  in 

35.  Mean  effective  pressure  in  lbs.  per  sq.  in, 

36.  Equivalent  mean  effective  pressure  in  lbs 

in,  per  indicated  H.P: 
(j)  Referred  to  first  cylinder. . 
(6)  Referred  to  second 
(e)  Referred  to  thM 


SI  Cy!.     3d  Cyl.  ]d  CyL 
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37.  Pressures  and  percentages  used  in  computing  tlie 

steam  accounted  for  by  the  indicator  dia- 
grams, measured  to  points  on  tlie  e.»p«nsiOtn 
and  compression  curves 

Pressures  above  zero  in  lbs.  per  sq.  in.: 

(a)  Near  cut-off 

(6)  Near  release 

(c)  Near  beginning  of  pompres^on 

Percentage  of  stroke  at  points  where  pressures  are 
measured: 

(a)  Near  cut<off 

(b)  Near  release 

(c)  Near  beginning  of  compression 

38.  Aggregate  M.E.P.  in  lbs.  per  sq.  in.  referred  to 

each  cylinder  given  in  heading 

39.  Mean  back-pressure  above  zero,  lbs.  per  sq.  in. . . 

40.  Steam  accounted  for  in  lbs.  per  indicated  horae 

power  per  hour: 

(a)  Near  cut-off 

(6)  Near  rdease 

41.  Ratio  of  expansion: 

{a)  Commercial — - 

(b)  Ideal 

^'  --» 

42.  Revolutions  per  minute wr. 

43.  Piston  speed  per  minute ft 

Power, 

44.  Indicated  horse  power  developed  by  main  engine  cylinders : 

First  cylinder BLP. 

Second  cylinder " 

Third  cylinder 

Total 

Efficiency  Results. 

45.  Dry  steam  consumed  per  indicated  H.P.  per  hour: 

(a)  Main  cylinder,  including  jackets lbs. 

(b)  Auxiliary  cylinders,  etc ** 

(c)  Engine  and  auxiliaries " 
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46.  Percentage  of  steam  used  by  main  engine  cylinders  ac- 
counted for  by  indicator  diagrams: 

I»t  Cyl.     Id  Cyl.    jd  Cyl. 

(a)  Near  cut-off 

(6)  Near  release 

Sample  Diagrams. 
Copies  of  indicator  diagrams,  nearest  the  mean,  with  corresponding  scales, 
should  be  given  in  connection  with  table. 


JACKET  STEAll,  DATA  AND  RESULT 

T«sl  of  Engine  buUl  by 

Ttsttdat DaU.. 


Cu.  Ft. 
PmHt. 

Temp. 

W[.Pa 

Cu.R. 

??£. 

Mtasurtmenli  made  hy 

Bipnelatedby 

Total 

H.  P.  Cylinder 

Fim  RKrivci 

Int.  CylindET. 

SkmuI  Rccrivcr. 

L.  P.  rylMo. 

I 

1 

i 

i 

1 

1 

1 

1 

1 

1 

d 

1 

1 

i 

i 

TESTING  STEAM  ENGINES  AKD  LOCOMOTIVES         773 


iUM 


1 

aim 

s%»iKn*a 

■»l"iS^iSo-inD 

1 

■l«i 

-Wt^X 

■FO-in3  1 

i 

- 

■<n*»i 

■laiV 

1 
1 

■JToilSti  w»pa 

- 

— 

- 

•»V"lS%»°-inj 

1 

■IWO 

-,, 

BO-lM 

.  "T' 

i 

airi 

■j-a-K  1 

■<n»rn 

'i 

i 

i 

^ 

EXPERIMENTAL  ENGINEERING 


2:  S"*    a=  s 


5 

-noj  |o  IJ  nj 

;  M 

"S 

(5 

-»ll| 

1 

i«uo| 

■HtJ.| 

■  1 1 

1 

-»«    1 

--«s 

■anj. 

1 

■nooH  «(»n3 

■JWHIUIOIIJ         1 

■iji,,tt>a™p«a 

5 

■nrtJis  P-'op^oa 

;    j 

J3AI»H1"    j 

^    3 

'JUIXUX  lit 

-  i! 

-bWIS 

:     -1 

1 

J 

^...., 

TESimC  STEAM  ENGETES  AND  LOCOMOTIVES        773 


III   ^ 

I  £|-'» 

f      1111 


1 

1 

u 

■atOHS  %  »nHI»a 

■»l<"«%i»»-W3 

3 

< 

T«a 

--IBpg 

Bo-mo 

;    ;    :    ;    ;    ;    ; 

;::;::: 

'Jffl 

::::::: 

-J^H 

•qiXBl 

;::;;;: 

^ 

1 

1 

«vms%""i>H 

■»iens%  no-mo 

1 

f'a 

■»**«i*ii 

■»«-wj 

-Wl-Hd 

^■""•1  :;;:;;:! 

■^i-a-H      ::::::      I   1 

■qi*Bl 

M  M  M  H 

■Mjy 

::::::: 

ON 

M  M  M  H 

774  EXPERTMEXT.XL  EXGIXEERIXG 

363.  The  Testing  of  Pumping  Engines  (Steam  Pumps).  —  Coi- 
sidering  a  pumping  engine  merely  as  a  steam  engine,  in  which  '}.: 
useful  work  is  represented  by  the  water  pumped  against  certain  :: 
sistances,  it  will  be  seen  that  there  should  be  no  great  differed  •: 
between  the  methods  of  testing  employed  for  the  two  tj^pes  of  engin:. 
at  least  as  far  as  the  steam  end  of  the  plant  is  concerned.  To  deter- 
mine the  useful  periormance  of  the  pump,  certain  measurements 
in  connection  with  the  pump  cj'linders  become  necessar>'.  These 
should  include  the  taking  of  indicator  cards,  to  determine  the 
water  horse  power,  the  measurement  of  the  water  pump^ed.  and  of 
the  suction  and  discharge  heads,  and  the  determination  of  sbp  or 
leakage  of  plungers  and  valves. 

The  meth^Hi  of  taking  indicator  cards  from  the  piimp  c^'linders 
is  the  same  as  for  steam  cylinders  (see  Chapter  XV),  and  the  water 
horse  power  is  determined  by  the  same  method  of  computation. 
The  ratio  between  the  water  horse  power  and  the  I.H.P.  of  the 
steam  c\linders  may  be  considered  as  representing  the  mechanical 
etticiency  of  the  pump. 

The  total  head  h  pumped  against  is  equal  to  the  sum  of  the 
following  heads: 


7  |»  »  •         •»■;  '■tl 


feet. 


in  which 

L\  =  disch:irge  head.  This  is  usuaUy  measured  bv 
connecting  a  gauge  to  the  discharge  main  close  to 
the  pumj). 

/;,  =  suction  head.  Usually  measured  by  connecting  a 
g.iuiie  or  mercur}-  manometer  to  the  suction  main 
cl'se  to  the  pump.  The  usual  case  is  to  have 
t:iL  puriip  lift  the  liquid.  In  that  case  *,  must  be 
consiriercd  negative  and  this  factor  in  the  equa- 
tion then  becomes  —  t  — //,)  =  +A,. 

/:i  =  the  vertical  distance  in  feet  between  the  dischai^ 
and  suction  gauges,  or  between  the  center  of  the 
discharce  gaugt-  and  the  point  of  attachment  of 
the  mercur\'  manometer. 
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Uj  and  V,  are  the  velocities  in  feet  per  second  ki  the 
dbcharge  and  suction  mains  respectively  at  the 
points  of  gauge  connection.  If  the  suction  and 
discharge  mains  are  of  lie  same  size,  this  factor 
of  course  cancels  out. 

The  total  head  pumped  against  in  connection  with  the  weight 
of  water  pumped,  determines  the  foot-pounds  of  useful  work  done 
by  the  pump. 

The  determination  of  the  actual  amount  of  water  pumped  (pump 
delivery  *)  can  rarely  be  done  by  direct  weighing,  on  account  of  the 
quantity  usually  involved,  but  must  in  nearly  all  cases  be  done 
by  some  indirect  means.  For  this  purpose  weirs,  nozzles,  and 
Venturi  meters  have  all  been  proposed  and  used.  The  Committee, 
however,  recommends  the  method  of  using  the  plunger  displace- 
ment corrected  for  leakage  (slip)  of  plungers  and  valves,  on  the 
groimd  that  the  use  of  the  other  schemes  mentioned  involves  the 
assumption  of  coefficients  which  may  make  them  no  more  accu- 
rate than  the  method  recommended.  The  latter  certainly  has  the 
advantage  of  great  simplicity.  For  directions  concerning  the 
determination  of  leakage,  see  the  provisions  of  the  Code. 

The  term  duty  is  often  used  as  an  efficiency  standard  in  con- 
nection with  pumping  machinery.  It  refers  to  the  number  of 
foot-pounds  of  work  done  by  a  pump  for  a  certain  energy  quantity 
supplied  to  the  machine.  Thus  we  speak  of  duty  per  100  pounds 
of  coal,  or  duty  per  1000  pounds  of  steam,  or  duty  per  1,000,000 
B.t.u.  The  Committee  recommends  the  use  of  the  term  duty  in 
connection  with  the  heat-imit  basis  stated  in  preference  to  the 
first  two  deffiiitions  given,  for  the  reason  that  100  pounds  of  coal 
may  mean  very  different  quantities  of  heat  supply  for  different 
parts  of  the  country,  and  1000  pounds  of  steam  will  represent  dif- 
ferent heat  quantities,  depending  upon  the  conditions  of  the  steam. 
The  1,000,000  B.t.u.  basis,  on  the  other  hand,  is  a  fixed  basis.  How 
the  total  heat  supply  to  the  engine  is  tn 
the  following  formulas,  which  show  thi 
for  the  principal  results  for  a  steam-punii 
directly  from  the  Code. 

*  A  disttDcUoD  sboiJd  be  made  here  b 
is  always  biaed  on  plunger  displacement. 
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( Area  of  steam  qrHnder,  in  square  inches,  corrected  for  area  of 
pistonriod.  The  quantity  A9  X  M.E.P.  in  an  engine  having  more 
than  one  csdinder  is  the  sum  of  the  various  quantities  relating  to 
die  xe^)ective  cylinders. 

■  Average  length  of  stroke  of  steam  piston,  in  feet. 

•  Total  number  of  single  strokes  of  steam  piston  during  trial. 

■  Average  mean  effective  pressure,  in  pounds  per  square  inch,  meas- 

ured from  the  indicator-diagrams  taken  from  the  steam  cylinder. 

•  Indicated  horse  power  developed  by  the  steam  cylinder. 

•Total  number  of  cubic  feet  of  water  which  leaked  by  the  pimip 
plunger  during  the  trial,  estimated  from  the  results  of  the  leakage 
test. 

•  Duration  of  trial,  in  hours. 

« Total  ntmiber  of  heat  units  [B.t.u.]  consumed  by  engine  «  weight 
of  vrater  supplied  to  boiler  by  main  feed-pump  X  total  heat  of 
steam  of  boiler  pressure  reckoned  from  temperature  of  main 
feed-water  -f  weight  of  water  supplied  by  jacket-pimip  X  total 
heat  of  steam  of  boiler  pressure  reckoned  from  temperature  of 
jacket-water  -f  weight  of  any  other  water  supplied  X  total  heat 
of  steam  reckoned  from  its  temperature  of  supply.  The  total 
heat  of  the  steam  is  corrected  for  the  moisture  or  superheat 
which  the  steam  may  contain.  For  moisture  the  correction  is 
subtracted,  and  is  found  by  multiplying  the  latent  heat  of  the 
steam  by  the  percentage  of  moisture,  and  dividing  the  product 
by  xoo.  For  superheat,  the  correction  is  added,  and  is  found  by 
mult^>lying  the  number  of  degrees  of  superheating  (i.e.,  the 
eaxeaa  of  the  temperature  of  the  steam  above  the  normal  tem- 
perature of  saturated  steam)  by  the  specific  heat.  No  allow- 
ance is  made  for  heat  added  to  the  feed-water,  which  is  derived 
bam  any  sotuxe,  except  the  engine  or  some  accessory  of  the  en- 
pne.  Heat  added  to  the  water  by  the  use  of  a  fiue  heater  at  the 
boOer  is  not  to  be  deducted.  Should  heat  be  abstracted  from  the 
flue  by  means  of  a  steam  reheater  connected  with  the  interme- 
diate receiver  ci  the  engine,  this  heat  must  be  included  in  the 
total  quantity  8iq>plied  by  the  boiler. 

»ARD  METHOD  OF  CONDUCTING  DUTY  TRIALS  OF 

PUMPING  ENGINES. 

!•  Test  o»  Feed-water  Temperatures. 

lit  is  aobjected  to  a  preliminary  run,  under  the  conditions  deter- 
I  for  Ae  test,  to  a  period  of  three  hours,  or  such  a  time  as  is  neces- 
L  tibe  ICBipenitine  of  the  feed-water  (or  the  several  temperatures,  if 
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)rder  that  the  main  supply  of  fcisd-water  may  be  measured,  it  will  gen- 
be  found  desirable  to  draw  it  fiom  the  cold-water  service  main.  The 
irm  of  apparatus  for  \veighing  the  water  consists  of  two  tanks,  one  of 
rests  upon  a  platform  scale  supported  by  staging,  while  the  other  is 
underneath.  The  water  is  draifn  from  the  service  main  into  the  upper 
nhcrc  it  is  treighed,  and  it  is  then  emptied  into  the  lower  tank.  The 
lank  serves  as  a.  reservoir,  and  to  this  the  suction-pipe  of  the  feeding 
itus  15  connected. 

f  jacket  water  may  be  measured  by  u^ng  a  -pair  of  small  barrels,  one 
tiled  while  the  other  is  being  wiaghed  and  emptied.  This  water,  after 
measured,  may  be  thrown  away,  the  loss  being  made  up  by  the  main 
limp.  To  prevent  evaporation  from  the  water,  and  consequent  loss  on 
tt  of  its  highly  heated  condition,  each  barrel  should  be  partially  filled 
old  water  previous  to  using  it  tor  collecting  the  jacket  water,  and  the 
.  of  this  water  treated  as  tare, 

en  the  jacket  water  drains  back  ^  gravity  to  the  boiler,  waste  of  live 
during  the  weighing  should  be  prevented  by  providing  a  small  vertical 
er,  and  conducting  the  water  into  this  receptacle  before  its 
.  A  glass  water-gauge  is  attached  so  as  to  show  the  height 
«r  inside  the  chamber,  and  this  serves  as  a  guide  in  regu- 
ihe  discharge  valve.  The  chamber  may  be  made  of  piping 
manDcr  shown  in  the  appended  figure  {501)  . 
en  the  jacket  water  is  returned  to  the  boiler  by  means  of 
ip,  the  discharge  valve  should  be  throttled  during  the  test, 
1  the  pump  may  work  against  its  usual  pressure;  that  b, 
liler  pressure  as  nearly  as  may  be,  a  gauge  being  attached 
discharge  pipe  for  this  purpose. 

len  a  separator  is  used  and  the  entrained  water  discharges 
to  waste,  to  the  hot  well,  or  to  the  jacket  tank,  the  weight 
t  water  is  to  be  determined,  the  water  being  drawn  into 
I  m  the  manner  pointed  out  for  measuring  the  jacket  water. 
t  in  the  case  where  the  si-parator  dischargti  into  the  jacket  "^'  ^°'' 
the  entrained  water  thus  found  13  treated,  in  the  calculations,  in  the 
nanner  as  moisture  shown  by  the  calorimeter  test.  When  it  discharges 
be  jacket  tank,  its  weight  is  simply  subtracted  from  the  total  weight 
xr  fed.  and  allowance  made  fur  heat  of  this  water  lost  by  radiatioa 
sn  separator  and  tank. 

ffl  the  jackets  are  drained  by  a  trap,  and  the  condensed  water  goes 
to  waste  or  to  the  hot  well,  the  determination  of  the  quantity  used  is 
«ssary  to  the  main  object  of  the  duty  trial,  because  the  main  feed- 
In  such  cases  supplies  all  the  feed-water.  For  the  sake  of  having  corn- 
ice that  this  water  be  measured,  whatever  the 
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SbouM  liv«  steam  be  used  for  reheating  the  steam  ia  ibe  intennaSil 
receiver,  it  is  desinble  to  separate  this  from  the  jacket  steam,  ii  it  drainsti 
the  same  tank,  aod  measure  it  indcpendeuUy.     This,  likewise,  is  m 
to  the  main  object  of  the  duty  iiial.  though  useful  foi  purposes  of  iDfonnalii 

Tbe  remarks  as  to  the  manner  of  preventing  losses  of  live  steam  and: 
evaporation,  in  tbe  mcasurcmeat  ot  jacket  water,  apply  to  th^  n 
of  any  other  bot  water  under  pressure  which  may  be  used  for  feed-wntti 

Should  there  be  any  other  iudcpendent  supply  of  water  to  the  boila  ht 
those  named,  its  quantity  is  to  be  determined  independently,  apparatus  la 
all  these  measurements  being  set  up  during  the  interval  betwi 
inary  run  and  the  main  trial,  when  the  plant  is  idle. 


i.  The  Main  Duty  Trial. 

Hw  duty  trial  is  beic  assumed  to  apply  to  a  complete  plant,  embracil 
a  test  of  the  perfocmaitoc  of  the  boiler  as  well  as  that  of  the  " 

test  of  the  two  will  go  <m  simultaneously  after  both  are  started,  but  thf  iiSt 
test  will  bc^in  a  short  time  in  advance  ot  the  beginning  of  the  engine  lot 
and  continue  a  ^Mrt  time  after  the  engine  test  is  gnished.  The  raodtfl 
procedure  b  as  follows: 

The  plant  having  been  worked  for  a.  suitable  time  under  normal  fonditio 
the  lire  is  burned  down  to  a  low  point  and  the  engiae  brought  to  rest, 
fire  remaining  on  the  grate  is  then  quickly  hauled,  the  funutce  deaiieii.iodq 
refuse  withdrawn  from  the  .ish  pit.     The  boiler  lest  is  now  started,  and  thiia 
is  made  in  accordance  with  the  rules  for  a  standard  method  recommended  bjt I 
Committee  on  Boiler  Tesis  of  the  .Xraerican  Society  of  Mechanical  Ei 
This  method,  briefly  descrilM.tl.  coosbts  in  starting  the  test  with  a 
lighted  with  wood,  the  boiler  having  previously  been  heated  to  iUM 
working  degree;  operating  the  boiler  b  accordance  with  the  coadiluoid 
mined  upon;  weighing  coal,  ashes,  and  feed-water;  observing  the  dm 
temperatures  of  feed-water  and  escaping  gases,  and  such  other  data  as  n^ 
incidenLilly  desired;  determining  the  quantity  of  moisture  in  the  coalia 
the  steam;  and  at  the  closi-  of  the  test  hauling  the  fire,  and  deducting  hat 
weight  of  coal  fired  whati'viT  unbumed  coal  b  contained  in  the  refuse* 
drawn  from  the  furnace,  the  quantity  of  water  in  the  boiler  and  the* 
pressure  being  the  same  as  at  the  lime  of  lighting  the  fire  at  the  begiiuAf) 
the  test. 

Pre\'ious  to  the  close  of  the  test  it  is  desirable  that  the  fire  should  b«bw 
down  to  a  low  point,  so  that  the  unbumed  coal  withdrawn  maybe  inaM 
consumed  sLite.  The  teripL-miurc  ot  the  feed-water  is  observed  at  thll 
where  the  water  leaves  the  cnpne  heater,  if  this  be  used,  or  at  ihepoiol" 
it  enters  the  flue  heater,  if  that  apparatus  be  emfdoyed.    When  at 

•  Vol.  VI,  p.  167,  Transactions  A.  S.  M.  E.,  1885.     (See  also  Oi^i.  S 
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is  used  for  supplying  the  water,  a  deduction  is  to  be  made  in  cither  case  for 
the  increased  temperature  of  the  water  derived  from  the  steam  which  it 


As  soon  after  the  beginning  of  the  boiler  test  as  practicable  the  engine  is 
started  and  preparations  arc  made  for  the  beginning  of  the  engine  test.  The 
formal  beginning  of  this  test  is  delayed  till  the  plant  is  again  in  normal  work- 
ing condition,  which  should  not  be  over  one  hour  after  the  time  of  lighting 
the  fire.  WTicn  the  time  for  beginning  arrives  the  feed-water  is  momenlarily 
shut  off,  and  the  water  in  the  lower  lank,  is  brought  to  a  mark.  Obser- 
vations are  then  made  of  the  number  of  tanks  of  water  thus  far  supplied,  the 
height  of  water  in  the  gauge-glass  of  the  boiler,  the  indication  of  the  counter 
on  the  engine,  and  the  time  of  day,  after  which  the  supply  of  feed-water  is 
renewed,  and  the  regular  observations  of  the  test,  including  the  measurement 
of  the  auxiliary  supplies  of  feed-water,  are  begun. 

The  engine  test  is  to  continue  at  least  ten  hours,  ^ 

At  its  expiration  the  feed-pump  is  again  momen- 
tarily stopped,  care  having  been  taken  to  have  the 
water  slightly  higher  than  at  the  start,  and  the 
water  in  the  lower  tank  is  brought  to  the  mark. 
When  the  water  in  the  gauge-glass  has  settled  to 
the  point  which  it  occupied  at  the  beginning,  the 
time  of  day  and  the  indication  of  the  counter  are 
observed,  together  with  the  number  of  tanks  of 
water  thus  far  supplied,  and  the  engine  lest  is 
held  to  be  finished.  The  engine  continues  to  run 
after  this  time  till  the  fire  reaches  a  condition  for 
hauling,  and  completing  the  boiler  test.  It  is 
then  stopped,  and  the  final  observations  relating 
to  the  boiler  test  are  taken.  ff^ 

The  observations  to   be   made  and  data  ob- 
tained for  the  purposes  of  the  engine  test,  or  duty  F'*'-  so^-  —  Method  o 
trial  proper,  embrace  the  weight  of  feed-water 
supplied  by  the  main  feeding  apparatus,  that  of 
the  water  drained  from  the  jackets,  and  any  other  water  which  is  ordinafily 
supplied  to  the  boiler,  determiiui.l   in   ihe  maiiniT  pointcl  out.    They  a 
embrace  the  number  of  hours  <laration,  and  number  of  sing 
pump  during  the  test;  and,  in  fl i re ct -acting  engines,  the  length  of  the  a 
together  with  the  indications  of  the  gauges  attuoheil  to  the  force  and  ffi 
mains,  and  indicator-diagrams  from  the  steam  cylinders, 
pump  diagrams  also  be  obtained. 

Observations  of  the  length  of  stroke,  in  the  COM  ol  i 
should  be  made  every  five  minutes;  rilBservalion*  of  tl 
every  fifteen  minutes;  observatiuris  of  the  I 
steam  gauge,  vacuum  gauge,    tbermomcter  Ea.| 
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feed-pipe,  thermometer  showing  temperatiire  of  engine  room,  boiler  room,  ail 
outside  air,  thermometer  in  flue,  thermometer  in  steam  pipe,  if  the  boiler  hm 
steam-heating  surface,  barometer,  and  other  instruments  which  may  be  vad, 
every  half-hour.    Indicator-diagrams  should  be  taken  every  half-hour. 

When  the  duty  trial  embraces  simply  a  test  of  the  engine,  apart  fiom  tt 
boiler,  the  course  of  procedure  will  be  the  same  as  that  described,  firiTAl 
that  the  fires  will  not  be  hauled,  and  the  special  observations  relating  to  As 
performance  of  the  boiler  will  not  be  taken. 


DIRECTIONS  REGARDING  ARRANGEMENT  AND  USE  OF  INSTRUMENTS,  AND 

PROVISIONS   FOR  THE  TEST. 

The  gauge  attached  to  the  force  main  is  liable  to  a  considerable  amount  of 
fluctuation  unless  the  gauge-cock  is  nearly  dosed.  The  practice  of  cboUlf '| 
the  cock  is  objectionable.  The  difficulty  may  be  satisfactorily  overcome,  ui 
a  nearly  steady  indication  secured,  with  cock  wide  open,  if  a  small  nsenA 
having  an  air-chamber  is  interposed  between  the  gauge  and  the  force  maiii,k 
the  manner  shown  in  the  appended  figure  (502).  By  means  of  a  gauge-j)isi<a 
the  side  of  the  chamber  and  an  air-valve,  the  average  water-level  may  te 
adjusted  to  the  height  of  the  center  of  the  gauge,  and  correction  for  this  dancifc 
of  variation  is  avoided.  If  not  thus  adjusted,  the  reading  is  to  be  refenedH 
the  level  shown,  whatever  this  may  be. 

To  determine  the  length  of  stroke  in  the  case  of  direct-acting  enffme^I 
scale  should  be  securely  fastened  to  the  frame  which  connects  the  steam  ol 
water  cylinders,  in  a  position  parallel  to  the  piston-rod,  and  a  pointer  attadHd^ 
to  the  rod  so  as  to  move  back  and  forth  over  the  graduations  on  the  sokj 
The  marks  on  the  scale,  which  the  pointer  reaches  at  the  two  ends  of 
stroke,  are  thus  readily  observed,  and  the  distance  moved  over  compotoli 
If  the  length  of  the  stroke  can  be  determined  by  the  use  of  some  form  of 
tering  apparatus,  such  a  method  of  measurement  is  preferred.  The 
errors  in  observing  the  exact  marks,  which  are  liable  to  creep  in,  may  therdf 
be  avoided. 

The  form  of  calorimeter  to  be  used  for  testing  the  quality  of  the  steam  ■ 
left  to  the  decision  of  the  person  who  conducts  the  trial.  It  is  preferred  tkrt 
some  form  of  continuous  calorimeter  be  used,  which  acts  directly  on  the  waar 
ture  tested.  If  either  the  superheating  calorimeter  *  or  the  wire-drawirft 
instrument  be  employed,  the  steam  which  it  discharges  is  to  be  mc 
either  by  numerous  short  trials,  made  by  condensing  it  in  a  barrel  of 
previously  weighed,  thereby  obtaining  the  rate  by  which  it  is  discharged,* 
by  passing  it  through  a  surface  condenser  of  some  simple  construction,  w^ 

•  Vol.  Vn,  p.  178,  1886,  Trans.  A.  S.  M.  E. 

t  Vol.  XI,  p.  791,  i8go,  Transactions  A.  S.  M.  E.    (Paper  on  "A  Universale* 
flmeter,"  May,  1890.)    (See  Chap.  XIV.) 
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ineasuring  the  whole  quantity  consumed.  When  neither  of  these  instruments 
is  at  hand,  and  dependence  must  be  placed  upon  the  barrel  calorimeter,  scales 
should  be  used  which  are  sensitive  to  a  change  in  weight  of  a  small  frac- 
tion of  a  pound,  and  thermometers  which  may  be  read  to  tenths  of  a  degree. 
The  pipe  which  supplies  the  calorimeter  should  be  thoroughly  warmed  and 
drained  just  previous  to  each  test.  In  making  the  calculations  the  specific 
heat  of  the  material  of  the  barrel  or  tank  should  be  taken  into  accoimt,  whether 
this  be  of  metal  or  of  wood. 

If  the  steam  is  superheated,  or  if  the  boiler  is  provided  with  steam-heating 
surface,  the  temperature  of  the  steam  is  to  be  taken  by  means  of  a  high-grade 
thermometer  resting  in  a  cup  holding  oil  or  mercury,  which  is  screwed  into  the 
steam  pipe  so  as  to  be  surroimded  by  the  current  of  steam.  The  temperature 
of  the  feed-water  is  preferably  taken  by  means  of  a  cup  screwed  into  the  feed- 
pipe in  the  same  manner. 

Indicator  pipes  and  connections  used  for  the  water  cylinders  should  be  of 
ample  size,  and,  as  far  as  possible,  free  from  bends.  Three-quarter-inch  pipes 
are  preferred,  and  the  indicators  should  be  attached  one  at  each  end  of  the 
cylinder.  It  should  be  remembered  that  indicator  springs  which  are  correct 
imder  steam  heat  are  erroneous  when  used  for  cold  water.  When  such  springs 
are  used,  the  actual  scale  should  be  determined,  if  calculations  are  made  of 
the  indicated  work  done  in  the  water  cylinders.  The  scale  of  steam  springs 
should  be  determined  by  a  comparison,  under  steam  pressure,  with  an  accurate 
steam  gauge  at  the  time  of  the  trial,  and  that  of  water  springs  by  cold  dead- 
weight test. 

The  accuracy  of  all  the  gauges  should  be  carefully  verified  by  comparison 
with  a  reliable  mercury  column.*  Similar  verification  should  be  made  of  the 
thermometers,  and  if  no  standard  is  at  hand,  they  should  be  tested  in  boiling 
water  and  melting  ice. 

To  avoid  errors  in  conducting  the  test,  due  to  leakage  of  stop-valves  either 
on  the  steam  pipes,  feed-water  pipes,  or  blow-off  pipes,  all  these  pipes  not 
concerned  in  the  operation  of  the  plant  imder  test  should  be  disconnected. 


3.  Leakage  Test  of  Pump. 

As  soon  as  practicable  after  the  completion  of  the  main  trial  (or  at  some 
time  immediately  preceding  the  trial),  the  engine  is  brought  to  rest,  and  the 
rate  determined  at  which  leakage  takes  place  through  the  plunger  and  valves 
of  the  pump,  when  these  are  subjected  to  the  full  pressure  of  the  force  main. 

The  leakage  of  an  inside  plunger  [the  only  type  which  requires  testing]  is 
most  satisfactorily  determined  by  making  the  test  with  the  cylinder  head 

*  Author's  Note.  See  the  chapter  on  the  Measurement  of  Pressure  for  other 
apparatus  fully  as  accurate  and  easier  to  operate. 
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rcmovciL  A  vnde  board  or  plank  may  be  temporarily  bolted  to  tb 
part  of  the  end  ot  the  cylinder,  50  as  to  hold  back  the  water  in  the  zm 
a  liam.  and  an  opening  made  in  the  tempoEary  head  thus  provided 
reception  of  an  overdo w  pipe.  The  plunger  is  blocked  at  some  inten 
point  in  the  stroke  lor,  if  this  position  is  not  practicable,  at  the  end 
stroke  1 ,  and  the  water  from  the  force  main  is  admitted  at  full  pressure 
it.  The  leaLige  escapes  through  ihe  overdow  pipe,  and  it  is  collected  in 
and  mcasureii. 

Should  ihe  escape  of  the  water  into  the  engine  nx)m  be  objectioi] 
spout  may  lx»  constructed  to  carry  it  out  of  the  building.  Where  the 
is  t«x)  great  to  be  reatiily  measured  in  barrels,  or  where  other  objectioi] 
rest)rt  may  bo  had  to  weir  or  orihce  measurement,  the  weir  or  orifice 
the  place  of  the  ovcrilow  pipe  in  the  wooden  head.  The  apparatus  1 
constructetl.  if  liesirctl.  in  a  somewhat  rude  manner,  and  yet  be  sufi 
accurate  tor  practical  requirements.  The  test  should  be  made,  if  p 
with  the  plunger  in  various  positions. 

In  the  c:ise  of  a  pump  so  planned  that  it  is  difficult  to  remove  the  c 
head,  it  may  be  desirable  to  take  the  leakage  from  one  of  the  opening 
arc  provided  for  the  inspection  of  the  suction  valves,  the  head  being  alk 
remain  in  place. 

It  is  here  assumes  1  that  there  is  a  practical  absence  of  valve  leakage 
dition  of  things  which  ought  to  be  attained  in  all  well-constructed 
E\;imination  for  such  leakaj?e  should  be  made  first  of  all,  and  if  it  occ 
is  f«>und  to  Ix;  due  to  disordere<i  vaKvs.  it  should  be  remedied  before 
the  f»ltm;:.T  test.  Leakage  of  the  'iischarge  valves  will  be  shown  b; 
pj--i:iLr  -lu-.vn  into  ihe  empty  cylin-icr  at  either  end  when  they  an 
pressure.  I.eak.i;:-.^  <»f  the  suction  valves  will  be  shown  by  the  tlisapp 
of  w.iIlt  which  cc-vtTs  thom. 

[f  valvr  li.-ak.ai;e  i>  t<vjri«i  which  cann(»t  be  remedied,  the  quantity  i 
thus  l.)st  -Iv.'ul  1  :il^«»  ''e  io<teti.  The  determination  of  the  quantity 
leiik^  throuirh  t.h,-  su.'timi  valves,  whi-re  there  is  no  gate  in  the  sucti* 
m'j^t  i)f  m;i'le  i)y  in-Iircct  means.  <^ne  metho<l  is  to  measure  the  an 
w.itiT  re  i;iirv.l  to  m;tini.un  a  ceri.iin  pressure  in  the  pump  cylinder  w! 
is  intro'luvvl  ihr«>':'j!i  a  pii)e  tcm.porarily  erecte<i,  no  water  being  all 
eriLLT  thro-.ii^h  th«^  ■li-i-hariie  valv»  -  ■•:"  :hc  pump. 

Thi:  txact  merhods  'o  In-  ft»lluwt;.l  in  any  particular  case,  in  dete 
l«.:akat?c.  must  be  left  to  the  jud;j:inent  and  ingenuity  of  the  p>erson  cor 
the  test. 

4.   Tahle  (»f  Data  and  Results. 

In  order  that  uniformity  may  be  secured,  it  is  suggested  that  t 
and  results,  worked  out  in  accordance  with  the  standard  method,  be  ta 
in  the  manner  indicated  in  the  following  scheme: 
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DUTY   TRIAL   OF   ^NGINE. 

Dimensions. 

:.  Number  of  steam  cylinders 

r.  Diameter  of  steam  cylinders ins. 

J.  Diameter  of  piston-rods  of  steam  cylinders " 

^.  Nominal  stroke  of  steam-pistons ft. 

;.  Number  of  water-plungers 

>.  Diameter  of  plungers ins. 

^  Diameter  of  piston-rods  of  water  cylinders " 

L  Nominal  stroke  of  plungers ft. 

>.  Net  area  of  plungers   sq.  ins. 

K  Net  area  of  steam  pistons " 

:.  Average  length  of  stroke  of  steam  pistons  during  trial. ...  ft. 

I.  Average  length  of  stroke  of  plungers  during  trial " 

(Give  also  complete  description  of  plant.) 

Temperatures, 

;.   Temperature  of  water  in  pirnip  well degs. 

[.  Temperature  of  water  supplied  to  boiler  by  main  feed- 
pump    " 

;.   Temperature  of  water  supplied  to  boiler  from  various 

other  sources " 

Feed'Waler. 

K  Weight  of  water  supplied  to  boiler  by  main  feed-pump .  . .  lbs. 

r.   Weight  of  water  supplied  to  boiler  from  various  other 

sources " 

I.  Total  weight  of  feed- water  supplied  from  all  sources " 

Pressures, 

}  Boiler  pressure  indicated  by  gauge " 

>.  Pressure  indicated  by  gauge  on  force  main " 

[.  Vacuum  indicated  by  gauge  on  suction  main ins. 

i.  Pressure  corresponding  to  vacuum  given  in  preceding  line.  lbs. 

;.  Vertical  distance  between  the  centers  of  the  two  gauges .  .  ins. 

|..  Pressure  equivalent  to  distance  between  the  two  gauges .  .  lbs. 

Miscellaneous  Data. 
;.   Duration  of  trial hrs. 

i.   Total  number  of  si.igle  st  okes  during  trial 

'.  Percentage  of  moisture  in  steam  supplied  to  engine,  or  num- 
ber of  degrees  of  superheating p.  c.  or  dcg. 

\.  Total  leakage  of  pump  during  trial,  determined  from  re- 
sults of  leakage  test lbs. 

I.   Mean  elJective  pressure,  measured  from  diagrams  taken 

from  fl^team  cylinders M.E.P 
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}',     l'«  fM-ni;iKi-  of  total  frictions. . . 


t1 


f  I 


•'I 


57 


i>i 


','^ 


Addiiumai  ResuUsJ 

Niirnl>rr  of  doiibi<;  strokes  of  steam  piston 
iicli'iiirfl  horH<:  |MjWcr  developed  by  the 

<  ylinilir-,        

I'f  If]  w;ii4r  Miiisiirned  by  the  plant  per  hour 
|««i|  v/;ihr  lonsurrwd  by  the  plant   per 

(Mr/.i-r  |M-i  liriiir,  corn-fted  for  moisture  in 
Niiiiib'-r  of  }ir:it  (111 it.s  consumed  per  indicated 

\ii  1  hour  

N'liiiiliM  of  licit  units  (onsume^^l  per  indicated 

|nf  mmtilr  


sz 


40.    MriiMi  :i(  I  oiiiiird  fr)r  by  indicator  at  cut-off  and 

llir  v.'ifioii'.  vtr.'im  cyliiidtTs j;g^ 

41     l'ro|iotiioii  \\'}\'uU  steam  accounted  for  by  indicator  bears  to 

ilir  frrd  vv.itrr  consumption 

Siiniplr  Dlii^nnns  Taken  From  Steam  Cylinders . 

\\\  .0,  il  |M»/.il»lr,  full  rnrasiircmcnts  of  the  diagrams,  embracing  rr«5'_: 
iIm  iiiiii.il  |MMii(.  <  111  off,  rrh'as<-,  and  com  precision ;  also  back  pressure,  ir: 
I»io|Miiiioii .  Ill  ilir  '.(inkc  (dinplctcd  at  the  various  points  noted.] 

\ !     NuiiiIm  t  mI  (Idiiltir  strokes  of  |)ump  per  minute 

I ',.    \b  .III  rl(f(  (ivr  pn-.siin*.  measured  from  pirnip  diagrams.  .         M.E  F 

\  \     iii<li«  .iii«l  luif  .1-  |M)\v<r  exerted  in  pump  cylinders I.H.F. 

4;.    Woil.  ilone  ^ii  diMv)  per  lOo  lbs.  of  coal ft.-Ibs. 

Sittuftlr  Diiiyrams  7\ikrn  From  Pump  Cylinders. 

Dm  v  .\\i)  Rksults  of  Boiler  Test. 
l''or  the  iieins  nf  this  t;ihle  see  the  Boiler  Code,  Chap.  XVTE,  of  this  hcok. 

364.   The  Testing  of  Locomotives. — Tests  on  locomotives  are 

divided  into  slio/t  frsis  and  nuul  tests.  In  the  former  the  engine  is 
su]>|)ort<*(l.  so  thai,  allhoii^h  il  may  be  operated  at  full  sJpeedasfai 
as  revolution  of  drivers  is  concerned,  the  locomotiveas  a  w^holehasno 

*  'Fhc-^e  arc  not  neeessary  to  the  main  object,  but  it  is  desirable  to  gp    jvc  them 


E  TESTING  STEAM  ENGINES  AND  LOCOMOTIVES         787 

notion.  The  equipment  required  for  such  a  test  is  rather  elaborate 
md  quite  costly,  and  hence  out  of  reach  of  the  ordinary  testing 
aboratory.  Several  of  such  testing  stands  are,  however,  found  in 
3ne  or  two  of  the  coUeges  and  in  the  shops  of  some  of  the  important 
railroads.  The  road  tests,  as  the  name  implies,  are  made  with  the 
locomotive  in  actual  service  drawing  a  train  over  the  road.  The 
advantage  of  shop  tests  over  road  tests  consists  in  the  fact  that  it  is 
possible  to  make  measurements  with  probably  somewhat  greater 
accuracy  and  that  all  conditions  can  be  maintained  constant.  This 
is  important  when  it  is  desired  to  study  one  particular  feature  of 
i^>eration.  The  road  tests,  on  the  other  hand,  exhibit  actual  operat- 
ing results  and  therefore  furnish  a  valuable  complement  to  the  shop 
test.  When  engine  performance  alone,  as  compared  with  that  of 
other  engines,  is  the  matter  under  investigation,  it  is  desirable  to 
make  the  road  test  of  considerable  length,  say  not  under  100  miles, 
and  to  have  each  engine  draw  the  same  train,  which  should  be  a 
q>ecial  rather  than  a  regular  train,  in  order  to  be  independent  as 
far  as  number  of  stops  is  concerned. 

The  Committee  recommends  that  a  dynamometer  car  be  used 
in  all  road  tests  in  order  to  determine  accurately  the  useful  work 
done.  The  Code  gives  several  figures  illustrating  the  arrangement 
of  apparatus  in  a  dynamometer  car,  but,  since  no  description  is 
given,  these  figures  are  of  doubtful  value  for  the  purpose  of  this 
book.  The  student  is  therefore  referred  to  articles  dealing  with 
the  operation  of  dynamometer  cars  as  well  as  with  the  construction 
of  the  testing  stands  for  shop  tests  which  have  appeared  from  time 
to  time  in  various  technical  railway  journals. 

The  Committee  also  recommends  the  adoption  of  an  efficiency 
standard  for  locomotives,  defining  it  as  the  number  of  pounds  of 
"  standard  coal  ".consumed  per  dynamometer  horse  power  per 
hour.  Standard  coal  is  dehned  as  one  which  will,  when  tested  ^ 
the  oxygen  calorimeter,  show  a  heating  value  of  12,500  B.t.u 
pound.  To  convert  the  actual  amount  of  coal  used  itil 
alent  weight  of  "  standard  coal,"  the  weight  of  c 
dynamometer  horse  power  per  hour  is  multiplied 
value  and  divided  by  12,500. 


EXI'LklMENTAL  ENGIXEEKI5w3 


'.lAMj.MMi   MLTHOb  OF   CONDUCTi:^:  1-   ZTTj-ZZZNT:    ZIT.: 

Oi-    L/XOMOTI".Xi. 


i       I'l/l.l'Ai'Ali'i-.'i    y'tW    'T'r.i:.   .VNL;   L.-L-.n.N     ;•!    1X5" 


u  ;'       1  ti'  ij'i.i'  f  .iii'i  iiilji.-:  '.fj'i'ii'i  f/*:  '.izh*..  iJLi  "tf.'ir  "Lii*  ii.-»i^j.r  n.-:  -jtj:::) 
;  .i:  :■  I  •.  -Ji'iiil'l  if  i  I'-.tii,  iiii'I.  ij  [ftnzihii:.  Trt*  rij^  »z2.j±.      Titt^z  =>:i.w:  >:i 

t',-.!    iji'/i'/u    Ml    rln-    v:ilvi:   j;»::ir,   lifi'l    ihc   Vilvcs   iCi:r::jd    V»E    ae:    ZfTX^tr' 

t }.  .,.^'  iji  III!  <  ii*i»ii'  ■:  -jioiil'l  \m:  :tlloM«;'i  'i-rlriz  ihc  p^TDCTess  :•:  ;.  j«-jn=  :■"=:: 

■■.  y:.i:-  .-. . 1 1 « I  K- " * K* '  -I ' " li  1'  I  I x:  til tc'l  i»>  : he  l^'-'il tr .  if  rj :«i  iJLrESi rj^  :•*-" "n 
.'-.  i','i  '.li'iijM  lj«  .iri.nlinl  lo  ihc-  revtrsing  levcr  tnl  cz-rrifd  ficTi-^j-i  :.  :i 
!i'/ii»  •  II' t  •*!  Ill'  hi  nil  I.  -vliip-  :l  li^ra^liialci  3<.«ilc  :ipro*oif-  ^Jiif.  =^"Ll:l7  z— j--- 
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d  ■.  .il*    r.,  >j|ji#  ■.  liir  •!♦  ^'.r«  r  of  oiMriiirif;  uf  the  ihrolile. 

h  I  lit  ..il'«  '.  iiii'l  pi-Ion-.  slmuUl  Ix:  tcsitfl  for  leaka^  "iriir:  lit  exift-- 
tt  .'J  fill  -.iiiiii  '..ilvr  i:lii  I>i;  tricrl  |jy  Selling  the  en^iae  s^j  :hi:  'Jrn  -V: 
•ih  Hill  I'll  Mil  Ih  .iI  fill-  irhirr  of  its  ihrow.  in  which  posilion  >:»:h  ^^r^-- 
11-1, ill>  lo.iM'l  .iiji)  iiiitliii^  o|Mn  ihe  ihrollle  valve,  blocking  zht  zrr^-sri 
i)i<  p  i".  .1  1 1  lull  hi  V  tm  tin-  rii^iiir  lu  Ik:  set  in  motion.  LeaJLa^e  c^'  '»hr  '>v-: 
it  .iii>  III  I  III",  V. ill  -.\utv.  'i\'m\\  liy  i.sr;i[)ing  at  the  smokestack,  or  a:  :hr  ».c«t- 
iti.iiii  1 1,1  k-.  I'll!  lij^hthi-.-.  *)i  \\m'  jiistim  may  be  tested  by  sciiinc  the  cLCbf 
.-II  ili.il  ii  i.tkr-v  -.ii;iin.  liliMkin^lh  drivers  and  opening  the  ihroiiic  w? 
]  III-  liiiiil'l  Im  IiimI  hr-.i  oil  niM"  <  yliiuU-r  an«i  then  on  the  other,  an-i.  if -ies-Tr: 
ii  iM.i ,  Ik  iiii'l  Mill  I  111-  pi-ioii-^  Ml  v:irious  [Kjinls  in  the  stroke.  The  leai^-- 
jl  .III';  III  •  III  •..  v.ill  lit-  ^hiivMi  ritlit-r  Ml  the  top  of  the  smokestack  or  at  the  ope: 

I  1  I  .  I  I  1 1    I   •  M    l. 

(  III!  iiillnv.iii^^  iir.lrinnrnls  nIiouM  be  verified,  or  calibralod:  s'.tiz 
j;.iii;'i  -  'li.ili  f.'..iii;.'«  p\  II  imhIit.  I  lu-rmonietrrs  for  calorimeter  and  iee»i-w:i*ci. 
w.iie  I  nil  i«  I  I. Jill.,  n-vnliiiiiin  tnuiiii-r,  indicator  springs,  dynamometer  spnLt?^ 
.ih'l  tlvh.iiiniiiirh  r  hm  online,  nin  h;ini>ni.  The  radiation  loss  on  the  5:ca3 
I  .iloiiuH  hi  ■.ImhiM  Im-  cliiriininr'l.  or  ihc  normal  readings  ascertained:  t  l2\ 
till  •|>i.iiiiii\  'ii  '.It;! in  wliiih  p.i--M">  through  the  instnmient  in  a  given  tiiiK 
^h'liilil  III-  nil  .1  till  '1. 

/)  Till-  'pi  iniiiir^  of  ^irani  (<>nsiime<l  by  the  air-pump,  the  blower,  and  iht 
whi'-ilf,  umli-r  t  mi.liiion.^  of  ( .munon  nsf.  should  be  determined,  thereby  obtain- 
ing il;iia  liy  wliitli  lo  i orirt  t  lor  tin-  su-am  thus  used.  This  can  best  U- ilt'- 
h-nnimd  lor  <-.n  h  onr  l»y  observing'  thr  fall  of  water  in  the  gauge  gbss  wheJino 
.•.te.im  is  dnivvii  from  tin-  boilrr  for  any  other  purpose;  the  quantity  being  com- 

*  Thr  diri"!  lions  here  K\\vn  ajiply  largely  to  both  shop  and  road  tests,  but  cspe- 

cially  tt>  llu'  lallrr. 

tTraii-ai lions  A.  S.  M.  K..  Vol.  XI,  p.  793. 
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d  from  the  data  thus  found,  and  the  dimensions  of  the  boiler.    The  leak- 

j(  the  boiler  should  also  be  found,  using  the  same  method. 

I.  To  facilitate  the  measurement  of  coal  and  the  determination  of  the 

itity  used  during  any  desired  period  of  the  run,  it  is  desirable  to  provide  a 

cient  number  of  sacks  of  a  size  holding  a  weight  of,  say  100  lbs.,  and  weigh 

ooal  into  these  sacks  preparatory  to  starting  on  the  test.    If  desired,  the 

8  may  be  numbered,  to  facilitate  the  accuracy  of  record. 

'.  The  instruments  and  other  apparatus  that  should  be  provided,  and  their 

tions,  are  as  follows: 

*o  facilitate  the  work  of  operating  the  indicators  and  reading  the  instru- 

Is  at  the  front  end,  the  smoke  box  should  be  surrounded  with  a  wooden 

tf  or  "  pilot  box,"  as  it  may  be  called,  resting  on  the  top  of  the  cow-catcher 

extending  back  far  enough  to  inclose  also  the  sides  of  the  cylinders.     This 

.  B  floored  over,  and  the  inclosure  thus  provided  forms  a  convenient  place 

the  acconmiodation  of  the  assistants  at  this  end  of  the  locomotive,  and  it 

xdi  them  some  measure  of  protection  against  wind  and  rain,  as  also  the 

tag  and  vibrations  due  to  rapid  travel. 

A  4)ecial  steam  gauge  with  a  long  siphon  is  to  be  used  for  registering  the 

kr  piessure.    It  can  best  be  located  on  the  left-hand  side  of  the  cab. 

Ihe  indicator  apparatus  which  is  most  suitable  consists  of  a  three-way 

k*  for  the  attachment  of  the  indicators,  and  some  form  of  pantograph 

doQ  for  the  driving  rig.    The  pipes  leading  from  the  cock  to  the  cylinder 

Bid  be  three-fourths  inch  diameter  inside,  and  they  should  connect  into 

■de  €i  the  cylinder  rather  than  into  the  two  heads.    The  indicator  should 

» be  piped  so  that  a  steam  chest  diagram  can  be  drawn  by  it.    Sharp  bends 

he  pipe  should  be  avoided,  and  they  should  be  well  covered,  to  intercept 

ittioiL    The  three-way  cock  should  be  provided  with  a  clamp  rigidly 

ned  to  the  cylinder,  and  thus  overcome  any  tendency  of  the  indicators  to 

ft  longitudinally  with  reference    o  the  driving  rig.    Absolute  rigidity  is 

iky  cncntial  in  this  particular.     (For  forms  of  driving  rig  for  the  indicators, 

Chap.  XV  of  this  book.) 

k  dnft  gauge  consisting  of  a  U  tube  containing  water,  properly  graduated 

ndies,  should  be  connected  to  the  smoke  box  and  attached  to  the  side  of 

pilot  bos. 

i  pyrometer  for  showing  the  temperature  of  the  escaping  gases  should  be 

1  in  a  position  below  the  tip  of  the  exhaust  nozzles. 

rhe  calorimeter  should  be  attached  either  to  the  steam  dome  at  a  point 

c  to  the  throttle  opening,  or  to  the  steam  passage  in  the  saddle  casting  on 

side,  according  as  it  is  desired  to  obtain  the  character  of  the  steam  at  one 

It  or  the  other.    The  former  location  is  preferred  by  the  Committee.     A 

bntted  half-inch  pipe  should  be  used  for  sampling  and  conveying'  the  steam 

Kbe  cslotimeter  pipe.    For  descriptions  of  various  forms  of  calorimeter 

'  Auihok's  Non.    The  use  of  a  three-way  indicator  cock  is  not  countenanced 
many  capneeis  under  any  circumstances. 
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V  :..:ir  i^;  i  iir  :i-i  :,*  xvoEnotiN-e  use  see  Transactions  A.  S.  M.  E.,  VoL  X, 

7rt;  vi-.ic  — ^:;c  jj:«:uld  be  attached  to  the  suction  pipe  of  the  injector, ind 
j;oi::'i  i:  i  7C--1:  ^henf  ::  can  be  conveniently  read  when  the  locomotheB 
r^w  :^  I:  <.::?:  .ili  be  pruWded  with  a  check  valve  to  prevent  hot  water faw 
:•.  -  ■  -^  :u.^-i  "Jir:;.:^  ;:  from  the  injector,  and  a  strainer  to  intercept  foicjp 

V;  '•■:jji:-:x-  u>e  iepih  oi  the  water  in  the  tank,  a  metallic  float  shooldbc 
-.s:-;.    .-JLT-.-.?^  1  '^-ir-Scil  :ube  which  slides  upon  a  graduate  rod,  the  lower  end 

•'  \  ;r  r,^>::>  ■.^•=.  :ho  bottom  of  the  tank.  This  should  be  placed  at  tk 
.^  .::'-  ::  v"A-.\:y  :r  ihe  water  space.  If  the  desired  location  cannot  beused^ 
/■-;  >.  .'1  sn;--.'.:  ':<  ziide  for  ascertaining  the  level  or  inclination  of  the  tank 
'.'>■:  x>":  .:..:■-%  fvT  :hi>  purpose  is  a  plumbline  of  a  certain  length  provided 
.• :  :v  r«.-";7.-.  ^.-.h  i  icuMc  horizontal  scale  having  one  set  of  dKisions  pir- 
:.'  :>;  s:-:^  .:'  :r.^  ur.k.  and  the  other  set  at  right  angles  to  it.  Fnmtlie 
-:.-■.  .\c>  .*  •.  :"":"Si-  >r.il-et>  referred  to  the  length  of  the  line,  the  level  of  the  tank 
•  :x:".  /..rr«:  :..*•.*.>  c-lt.  S?  aik'ertained.  A  similar  device  should  be  attidied 
:;  :  r..  x ..;:  :;  .vrrxv:  for  the  variation  in  its  inclination.  The  plumhEne 
■•;..,.    v  .v.Vi  ".^  7.:".y  .\  "ached  for  this  purpose  at  some  point  near  the  front  omL 

*.  ^.-  r.-.v_::s.r.  ».vur.:iT  >hou!d  be  placed  near  the  front  end  of  the  coiiiK 
• .-  v  :-— .:  :r.c  pi'.o:  box.  It  is  operated  through  a  belt  from  the  dri«f 
>-...:  V^.s  rc\V7.'.r.-.<:r.-.iji::on  applies  to  that  form  of  counter  which  shows  it 
.-.  i..-  -..v  :  -.:  i.v.i> :  >;xxv:  in  revolutions  per  minute. 

V  >:7.*k;*  svv.7::t^r  >hvvaid  be  pro\-ided  for  showing  the  number  of  stnka 

««  »k      vk       'k%  **^i^        «a^      kv»«  w^^  a^ 

•  a 

VvV'.r..-  .vr '.<v;>ri  should  be  made  between  the  dynamometer  car  and  tk 
y''.::  :•  \,  <^^  :'r.,i:  v:y:u::iomoier  records  and  indicator-diagrams  may  bctaka 
>•■:•..:' :.,-.\vv.>'v  \"o:hor  desirable  pro\ision  is  a  speaking  tube  leading  from 
:*:*.v    i >:•..'. TV. o:v.v:vT  o.ir  :o  the  locomotive  cab,  and  one  also  to  the  pilot  boL 

J  I:  :>  :'..v  :'.o:>*.  except  for  a  complete  record  of  directions  for  prepantiHT 
'A\  :x.  : /^  vj.".".  .-".cr.iv:-  :o  :ho  desirability  of  having  the  test,  and  espedaDyd* 
ro.-. :  :i:<:.  '::.-/.t  u-vUr  the  sujXTN'ision  of  a  competent  person,  who  isDOlflolf 
:V:"v'.  .-r  ^x■:■:;  \':\c  r'«.Mi'.>  of  testing,  but  also  with  the  proper  method  (tffiriiC 
J.::  :  :''.e  :vA\h.i-.v!v:,i'.  o:vra:iou  oi  the  locomotive.  This  is  a  most  impoitat 
r.ivtor.  fvr  ::  is  or.ly  :he  ciear-headed  and  able  experimenter  who  isKkdyW* 
•.'*:.:.:;::  >.\::<:'.i.:ory  work  i:i  this  most  difficult  department  of  engineering testl 

In  I  ho  n'-.'-itor  o:  .\ssijiaius.  the  conductor  of  the  test  is  best  abletojwiF  1 
as  to  the  luiin^er  reraireil.  the  various  duties  of  the  different  men,  and ik  ^ 
manner  o:  lakin;:  reeor^ls.     A  g«.H>d  test  can  be  made  with  eight  (S)  assistant^ 
distribute"!  in  the  manner  indicated  in  the  foUoTiing  list,  which  gi\"es  thflf  i 
duties: 

Two  (2)  cab  assistant^,  who  read  the  steam  gauge,  the  position  of  tk 
throttle-valve  and  reversing  lever,  the  water  meter,  the  height  of  water  ■ 
the  tank,  the  height  of  water  in  the  glass  water-gauge,  the  level  of  the  tiiiki 
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umber  of  times  the  whistle  is  blown,  the  length  of  time  the  safety-valve 

^  the  length  of  time  the  blower  is  in  action,  the  reading  of  the  air-pump 

er,  the  temperature  of  the  feed-water  in  the  tank,  the  time  of  starting 

topfang  the  injector,  the  time  of  opening  and  closing  the  throttle-valve, 

lie  number  of  sacks  of  coal  used.    These  two  observers  have  previously 

fid  the  weights  of  coal  placed  in  the  sacks. 

tree  (3)  pilot-box  assistants,  one  of  whom  reads  the  pyrometer,  the 

gauge,  the  steam-chest  gauge,  the  revolution  coimter,  and  marks  on 

kdicator  diagrams  the  time,  position  of  reversing  lever,  steam-chest  pres- 

•nd  revolutions  per  minute.    He  also  takes  the  levels  of  the  boiler  at 

tug  places.    The  other  two  observers  are  stationed  at  the  cylinders  and 

Milate  the  indicators,  one  being  employed  on  each  side. 

le  (i)  calorimeter  assistant,  who  reads  the  calorimeter  thermometers,  and 

lUges  connected  with  the  instrument,  if  these  are  employed. 

po  (2)  dynamometer  car  assistants,  who  record  time  of  each  start  and 

time  of  passing  each  station  and  each  mile-post,  time  of  taking  each 

itor  diagram  as  obtained  from  signals  of  the  indicator  men,  and  all  these 

Igi  are  maiked  so  far  as  possible  on  the  dynamometer  paper.    One  of 

men  also  assists  the  cab  observer  in  reading  the  tank  depth  and  its  levels 

ipping  places.    These  men  also  keep  a  record  of  the  direction  and  force 

s  wind,  and  the  temperature  of  the  atmosphere. 

i  additional  assistant  is  required  if  the  gases  are  sampled  and  analyzed. 

It  is  of  paramount  importance,  after  the  complete  preparatory  work 
cen  accomplished,  that  the  locomotive  be  subjected  to  a  preliminary 
if  sufficient  duration  to  make  a  fair  trial  of  the  testing  apparatus,  and  to 
lie  various  assistants  an  opportunity  to  become  trained  in  their  duties. 

Z.    SHOP  TEST. 

A.  PreparaHon  and  Location  of  Instruments, 
pfcparing  for  a  shop  test  the  preparations  described  in  Section  I  should 
lowed  90  far  as  the  nature  of  the  test  requires.  When  nm  as  a  stationary 
e  the  locomotive  b  not  drcumscribed  by  the  conditions  of  road  service, 
umy  provisions  required  on  the  road  are  unnecessary.  It  is  unnecessary 
bermine  the  quantity  of  steam  consumed  by  the  whistle  and  air-pump, 
eie  are  not  brought  into  use  on  the  shop  test;  and  no  occasion  exists  for 
g  the  quantity  lost  at  the  safety  valve,  for  on  the  continuous  shop  run 
beam  pressure  can  be  maintained  at  a  uniform  point,  and  blowing  of! 
f  prevented.  It  is  unnecessary  to  use  sacks  for  the  convenient  measure 
1,  because  the  coal  can  be  readily  weighed  up  in  lots  as  fast  as  needed  for 
St.  It  is  unnecessary  to  provide  a  ''pilot  box,"  and  no  fixed  locition  of 
istruments  is  required,  as  on  the  road  test.  The  feed-water  may  be 
ed  before  it  is  supplied  to  the  tank,  and  the  tank  may  be  used  in  this 
s  a  reservoir,  the  float  showmg  its  depth.  The  meter  would  thus  be  un- 
aiy  as  the  princqMd  instrument  of  measiurement,  but  a  meter  b  in  all 
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cases  useful  as  a  check  upon  this  most  important  element  in  the  data.  Thi 
long  indicator  pipes  required  on  the  road  test  may  be  dispensed  with,  and  oh 
indicator  applied  close  to  each  end  of  the  cylinder  —  a  practice  much  to  be 
preferred  to  the  use  of  a  three-way  cock  and  the  single  indicator.  The  d>Tu- 
mometer  car  is  not  required,  but  its  equivalent  should  be  provided,  consisting  « 
a  dynamometer  which  registers  the  pull  on  the  draw-bar,  in  the  same  mannff 
as  the  device  used  on  the  road. 

The  number  of  assistants  required  on  a  shop  test  is  less  than  that  needed 
for  a  road  test.  A  good  test  can  be  made  with  four  (4)  assistants,  distributed 
as  follows: 

One  (i)  assistant  for  operating  indicators. 

One  (i)  assistant  for  measuring  water. 

Two  (2)  assistants  for  general  observations  and  coal  measurement. 

If  the  gases  are  sampled  and  analyzed,  one  more  assistant  is  reqtiired. 

B.   Cottdilions  of  Test. 

The  test  should  be  continued  for  a  run  of  at  least  two  (2)  hours  from  the 
time  normal  conditions  have  been  established. 

At  the  close  of  the  test  the  water  height  in  the  boiler,  and  the  height  of 
water  in  the  tank,  should  be  the  same  as  at  the  beginning,  or  proper  correc- 
tions made  for  any  differences  which  may  exist. 

The  fire-box  and  ash-pit  are  then  cleaned,  and  such  unbumt  coal  as  may  be 
contained  in  the  refuse  is  separated,  ^veighed,  and  deducted  from  the  total 
weight  of  coal  fired.  The  balance  of  the  refuse  is  weighed,  as  also  the  dndeis 
removed  from  the  smoke  box. 

During  the  progress  of  the  test  samples  of  the  various  charges  of  coal  should 

be  obtained,  and  at  its  close  a  final  sample  of  these  should  be  selected,  dried, 

and  subjected  to  chemical  analysis  and  calorimeter  test.     The  weight  of  the 

sample  is  taken  before  and  after  drying,  to  ascertain  the  amount  of  moisture 

contained  in  the  fuel. 

C.    The  Data  and  Results. 

The  data  and  results  of  the  shop  test  can  best  be  arranged  in  the  manner 

indicatcnl  in  Table  No.  i .     So  far  as  these  are  in  common  with  the  data  and 

results  obtained  on  the  road  test,  the  forms  used  on  both  kinds  of  test  are 

identical. 

TABLE   NO.   I. 

Data  and  Results  of  Shop  Test  on Engine,  Made 19. . 

General  dimensions,  etc.  (to  be  accompanied  by  a  complete  descriptioo,   J 

with  drawings  and  full  dimensions). 

1.  Kind  of  engine ,.,,, 

2.  Size  and  clearance  of  cylinders ' «  , 3 

3.  .Vrea  of  heating  surface ^  •..♦.♦.♦^^  •» 

4.  Area  of  grate  surface •••  -,*, 

5.  Diameter  of  exhaust  nozzles , .  •  •%  -^ 
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TOTAL  QUANTITIES 

6.  Duration hrs. 

7.  Weight  of  dry  coal  burned,  including  .4  weight  of  wood . .  .  lbs. 

8.  Weight  of  water  evaporated  corrected  for  moisture  in  the 

steam .lbs. 

Weight  of  ashes  and  refuse  from  ash  pan .* . . . 

Weight  of  cinders  from  smoke  box 

Percentage  of  ash,  as  found  by  calorimeter  test ....  per  cent. 

Total  heat  of  combustion  per  poimd  coal  as  found  by  calo- 
rimeter test B.t.u. 


9. 
10. 
II. 
12. 


n 


<( 


4/ 


<< 


POWER  DATA. 

13.  Mean  effective  pressure,  high-pressure  cylinders lbs. 

14.  Mean  effective  pressure,  low-pressure  cylinders " 

15.  Average  revolutions  per  minute rev. 

16.  Indicated  horse  power,  high-pressure  cylinders H.P. 

17.  Indicated  horse  power,  low-pressure  cylinders 

18.  Indicated  horse  power,  whole  engine 

19.  Pull  on  draw-bar lbs. 

20.  Dynamometer  horse  power H.P. 

AVERAGES  OF  OBSERVATIONS. 

2 1 .  Average  boiler  pressure lbs. 

22.  Average  steam-chest  pressure ** 

23.  Average  temperature  of  smoke  box deg. 

24.  Average  draft  suction in. 

25.  Average  temperature  of  feed- water deg. 

26.  Average  temperature  of  atmosphere " 

27.  Average  percentage  of  moisture  in  the  steam per  cent. 

2S.  Maximum  percentage  of  moisture  in  the  steam per  cent. 

HOURLY   QUANTITIES. 

29.  Weight  of  dry  coal  burned  per  hour lbs. 

30.  Weight  of  dry  coal  burned  per  hour  per  square  foot  of  grate 

surface lbs. 

31.  Weight  of  coal  burned  per  hour  per  square  foot  of  heating 

surface lbs. 

32.  Weight  of  water  evaporated  per  hour " 

33.  Equivalent  weight  of  water  evaporated  per  hour  with  feed- 

water  at  100°  and  pressure  at  70  lbs lbs. 

34.  Equivalent  weight  of  water  from  100°  at  70  lbs.  evaporated 

per  square  foot  of  heating  surface lbs. 
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35-  Coal  ooDiaMllliiill^ilf.  oer  hour lbs 

36.  Coal  oof  horse  power  per  hour. . 

37-  Wcigjit.  -tI.H.P.  per  hour. 

SS.  Weight  ner  dynamometer 

hoiae  lbs. 


(( 


It 


Whole  Run. 


794 


EXPERIMENTAL  EN'GINEEKING 


\l  hc-i?  i._: 


BOILER   RESULTS. 

y^.   Water  er/aporated  per  pound  of  coal lbs. 

40 .    F>{ u  i  va U:n  1 6\  a prj ra  t ion  per  pound  of  coal  from  and  a t  2 1 2 '  " 
4r.    F>4uivalerit  er/apriration  per  pound  of  combustible  from  and 
at  212  •        lbs. 


CYLINDER  DATA. 

42.   Mean  initial  pressure  above  atmosphere. . . 


.54 


H.  P.  Cyl. 


L.  P.  C)l 


I- 


43.  C'ut-ofF  pressure  abx)ve  zero lbs.- 

44.  Releasf;  pressure  abx>ve  zero 

4v   C'omiiression  pressure  alx>ve  zero 

46.  l-rowest  back  i>ressure  above  or  below  atmos-! 

phere lbs.' 

47.  PnjjKjrtion  of  forward  stroke  completed  at  cut- 

off  lbs. 

48.  Proportion  of  for^^ard  stroke  completed  at  re- 

lease   lbs. 

4f>.    Proi)ortion  of  return  stroke  uncompleted  at  com- 
pression   lbs. 


SI 


CYLINDER    RESULTS. 


'I'otal  water  consumed  per  indicated  horse  power  per  hour  corrected  for 

moisture  in  steam Ibj.. 

Water  eoiisnnuMl  per  I.H.P.  jx^r  hour  by  cylinders  alone  (from  line  51  lci> 
all  measured  losses) lbs. 


5-' 
St 


Steam  aeeouiHed  for  by  iiKb'cators  at  cut-off  .lbs. 
Steam  a<eoiinle«l  tor  by  indicators  at  release.  " 
rroporiion  ol*  I'eed-water  used  by  cylinders  Oine 

^.'1  aeeounted  for  at  OUt-olT Ibs 

I'ro|H»rti()n  of  l'ee<l -water  used  by  cylinders  ac- 

eounted  for  at  release lbs. 


H.  P.  CyL 


L.  P.  CyL 


■    •   •  • 


ReiHirts  should  i^jive  eo]n'  of  a  set  of  sample  indicator-^ 
bint^d  diagram  i.in  ease  c^f  multi-i.'xpansion  engine)  and  a  C 
ivally  the  principal  data. 


I 
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n.    THE  ROAD  TEST. 

A.  Preparation  and  Location  of  Instruments. 

The  preparations  required  for  the  road  test,  and  the  proper  location  of 
instruments  for  the  purpose,  are  fully  described  in  Section  I,  and  repetition 
is  unnecessary. 

B.  The  Dynamometer  Car. 

With  a  suitable  dynamometer  car  the  force  required  to  move  the  train,  or 
the  pull  upon  the  draw-bar,  is  registered  upon  a  strip  of  paper  traveling  at  a 
definite  rate  per  mile.  The  scale  upon  which  this  diagram  is  drawn  should  be 
as  large  as  is  possible  within  reasonable  limits;  a  scale  of  \  inch  per  1000  lbs. 
pull  being  suitable,  as  the  maximum  registered  pull  rarely  exceeds  30,000  lbs. 
The  height  of  the  diagram  should  be  measured  from  a  base  line  drawn  upon 
the  paper  by  a  stationary  pen,  so  located  that  when  no  force  is  exerted  upon 

« 

the  draw-bar  the  base  line  should  coincide  with  zero  pull. 

The  apparatus  should  be  arranged  to  make  a  record  of  time  marks  in  con- 
nection with  the  curve  showing  the  pull.  A  chronometer  should  be  provided, 
having  an  electric  circuit  breaker,  by  means  of  which  a  mark  is  made  on  the 
dynamometer  paper  every  five  (5)  seconds.  A  better  apparatus  may  be  used 
in  which  a  continuous  speed  curve  is  traced  upon  the  paper,  parallel  to  the 
curve  of  pull.  The  ordinates  of  this  curve,  measured  from  a  base  line,  give 
the  speeds  desired. 

The  location  of  mile-posts  and  other  points  along  the  route  should  be  fixed 
upon  the  dynamometer  paper  by  employing  an  additional  pen,  and  operating 
it  by  means  of  electric  press  buttons,  which  are  placed  at  convenient  points  in 
the  car. 

As  already  noted,  a  similar  device  should  be  provided  for  marking  upon 
the  d3mamometer  paper  the  time  of  taking  indicator  diagrams. 

The  rate  of  travel  of  the  paper  per  mile  should  be  such  that  one  inch 
measured  upon  the  diagrams  represents  100  feet  for  short-distance  work,  and 
for  long-distance  work  j^  inch  or  \  inch  should  be  used  to  represent  100  feet 
of  track.  The  driving  mechanism  for  the  paper  should  be  so  arranged  that 
it  can  be  changed  to  give  these  three  proportions.  It  is  necessary  to  have  all 
the  registering  pens  located  upon  the  same  transverse  line  at  a  right  angle 
with  the  direction  of  the  movement  of  the  paper,  in  order  that  simultaneous 
data  may  be  recorded. 

C.  Method  of  Conducting  the  Road  Test. 

The  locomotive  having  been  brought  to  the  train,  the  steam  pressure  being 
at  or  near  the  working  point,  the  fire  being  clean  and  in  good  condition  though 
not  over  4  to  6  inches  thick,  the  ash-pan  being  also  clean ;  observations  are  taken, 
say  five  (5)  minutes  before  starting  time,  of  the  thickness  and  condition  of 
the  fire,  the  height  of  water  in  the  boiler,  the  depth  in  the  tank,  the  levels, 
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the  water  meter,  and  the  air-pump  counter;  and  thereafter  the  regular  obser- 
vations are  carried  forward,  and  coal  is  fired  from  the  weighed  sacks. 

Indicator  diagrams  should  be  taken  as  frequently  as  possible,  the  inten-als 
between  them  being  not  over  two  minutes. 

Other  regular  observations  should  be  taken  at  dose  intervals.  Calorim- 
eter readings,  when  taken,  should  be  continued  for  at  least  five  (5)  minutes 
at  one-minute  intervals. 

At  water  stations  careful  records  should  be  obtained  of  water  heights  and 
levels  of  boiler  and  tank. 

As  the  end  of  the  route  is  approached,  the  fire  should  be  burned  down  so 
as  to  leave  the  same  amount  and  the  same  condition  as  at  the  start.  When 
the  end  is  finally  reached,  the  fire  should  be  raked,  and  its  condition  carefully 
noted.  If  it  differs  from  that  which  obtained  at  the  beginning,  an  estimated 
allowance  must  be  made  for  such  difference. 

At  the  close  of  the  test  the  height  of  water  in  the  boiler  should  be  the  same 
as  at  the  beginning,  or,  if  not,  the  difference,  corrected  for  inclination  of  the 
boiler,  should  be  allowed  for. 

During  the  process  of  weighing  the  coal  into  the  sacks  numerous  samples 
should  be  obtained,  and  a  final  sample  of  these  selected.  This  is  to  be  dried 
and  subjected  to  chemical  analysis  and  calorimeter  test.  The  sample  is 
weighed  before  and  after  drying,  and  data  obtained  for  determining  the  weight 
of  dry  coal  used  during  the  test. 

The  duration  of  the  road  test  is  the  length  of  time  which  the  throttle-valve 
is  open. 

D.    The  Data  and  Results. 

The  data  and  results  of  the  road  test  may  be  tabulated  in  the  form  given 
in  Table  No.  2.  This  form  corresponds  in  general  with  that  recommended 
for  the  shop  test;  viz.,  Table  No.  i. 

TABLE  NO.  n. 

Data  and  Results  of  Road  Test  on Engine,  Made 19. . 

General  dimensions,  etc.. (to  be  accompanied  by  a  complete  description  of 
engine  with  drawings  and  dimensions,  also  of  train  and  route). 

1.  Kind  of  engine 

2.  Size  of  cylinders 

3.  Clearance  of  cylinders per  cent. 

4.  Area  of  heating  surface sq.  f t. 

5.  Area  of  grate  surface " 

6.  Size  of  exhaust  nozzles ins. 

7.  Average  weight  of  locomotive  and  tender  (including  water)  tons. 

8.  Number  of  cars 

9.  Weight  of  cars tons. 
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10.  Length  of  route miles. 

11.  Number  of  ton  miles  of  train  load ton  miles. 

12.  Number  of  ton  miles  of  total  load " 

13.  Schedule  time  of  trips 

TOTAL  QUANTITIES. 

14.  Duration  or  time  throttle-valve  is  open hours. 

15.  Weight  of  dry  coal  burned lbs. 

16.  Weight  of  water  evaporated  corrected  for  moisture  in  the 

steam  and  loss  at  injector  * 

17.  Weight  of  ashes  and  refuse  from  ash  pan 

18.  Weight  of  cinders  from  smoke  box 

19.  Percentage  of  ash  as  found  by  coal  calorimeter  test per  cent. 

20.  Total  heat  of  combustion  as  foimd  by  calorimeter  test —         B.t.u. 

21.  Results  of  chemical  analysis  of  coal 

POWER  DATA. 

22.  Mean  effective  pressure,  H.P.  cyls lbs. 

23.  Mean  effective  pressure,  L.P.  cyls " 

24.  Average  revolutions  per  minute rev. 

25.  Indicated  horse  power,  H.P.  cyls H.P. 

26.  Indicated  horse  power,  L.P.  cyls 

27.  Indicated  horse  power,  whole  engine 

28.  Pull  on  draw-bar lbs. 

29.  Dynamometer  horse  power H.P. 

AVERAGES  OF  OBSERVATIONS  OF  INSTRUMENTS. 

30.  Average  boiler  pressure lbs. 

31.  Average  steam-chest  pressure " 

32.  Average  temperature  of  smoke  box deg. 

2,^,  Average  draft  suction ins. 

34.  Average  temperature  of  feed- water deg. 

35.  Average  temperature  of  atmosphere " 

36.  Average  percentage  of  moisture  in  the  steam per  cent 

37.  Maximum  percentage  of  moisture  in  the  steam " 

^^.  Weather,  wind,  etc 

OTHER  DATA. 

39.  Average  position  of  throttle 

40.  Average  position  of  reversing  lever 

*  Should  be  corrected  for  steam  used  by  calorimeter,  air  pump,  blower,  safety 
valve,  and  whistle,  to  find  cylinder  results  —  line  56. 
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41.  Average  speed  in  miles  per  hour 

42.  Maximum  speed  in  miles  per  hour 

43.  Number  of  stops 

44.  Average  number  of  strokes  of  air  pun^  per  minute. 

45.  Total  estimated  wei^t  of  steam  used  by  air  pump  per  hour       k 

46.  Estimated  loss  of  steam  at  safety  valve  per  hour * 

47.  Estimated  loss  of  steam  at  whistle  per  hour *^ 

48.  Estimated  wei^t  of  steam  used  by  blower  per  hour. . .  ^         ' 

49.  Estimated  loss  of  steam  at  calorimeter  per  hour k 
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50.  Weight  of  dry  coal  burned  per  hour k 

51.  Weight  of  dry  coal  burned  per  hour  per  square  foot  of  grate 

surface * 

52.  Weight  of  coal  burned  per  square  foot  of  heating  surface.  ** 

53.  Weight  of  water  evaporated  per  hour. " 

54.  Equivalent  weight  of  water  evaporated  per  hour  with  feed- 

water  at  100**  and  pressure  70  lbs " 

55.  Equivalent  weight  of  water  from  100^  at  70  lbs.  evi^x>rated 

per  square  foot  of  heating  surface * 

56.  Weight  of  water  consumed  by  engine  cylinders  (line  53, 

less  sum  of  lines  45, 46,  47, 48,  and  49) ^ 
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57.  Coal  consumed  per  I.H.P.  per  hour. m» 

58.  Coal  consumed  per  dynamometer  horse  power  per  hour.. .  ^ 

59.  Coal  consumed  per  ton  mile  of  train  load 

60.  Coal  consumed  per  ton  mile  of  total  load * 

61.  Weight  of  standard  coal  consumed  per  I.H.P.  per  hour. . . 

62.  Weight  of  standard  coal  consumed  per  dynamometer  horse 

power  per  hour *  4 

63.  Weight  of  standard  coal  consiuned  per  ton  mile  of  train 

load 

64.  Weight  of  standard  coal  consumed  per  ton  mile  of  total  load 


II 


BOILER  RESULTS. 


65.  Water  evaporated  per  poimd  of  coal 11%^ 

66.  Equivalentevaporationperpoimdof  coalfiromandat  212^  *; 
67*  Equivalent  evaporation  per  pound  of  combustible  from  and 

at  aia'' • 
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CYUNDER  DATA. 


68.  Mean  initial  pressure  above  atmosphere. 


lbs. 


lbs. 


n 


it 


n 


69.  Cut-oflf  pressure  above  zero 

70.  Release  pressure  above  zero 

71.  Compression  pressure  above  zero 

72.  Lowest  back  pressure  above  or  below  atmosphere. . 

73.  Proportion  of  forward  stroke  completed  at  cut-ofif. 

74.  Proportion  of  forward  stroke  completed  at  release. 

75.  Proportion  of  return  stroke  uncompleted  at  compres- 

sion  

76.  Mean  effective  pressure  (lines  22  and  23) lbs 


H.  p.  Cyl. 


L.  p.  cyi. 


CYLINDER  RESULTS. 


77.  Total  water  consumed  per  indicated  horse  power  per  hour 

corrected  for  moisture  in  steam 

78.  Water  consumed  per  I.H.P.  per  hour  by  cylinders  alone 

(from  line  56) 


lbs. 


(t 


79.  Steam  accoimted  for  by  indicator  at  cut-off lbs. 

80.  Steam  accounted  for  by  indicator  at  release " 

81.  Proportion  of  feed  water  used  by  cylinders  (line  78) 

accounted  for  at  cut-off 

82.  Proportion  of  feed  water  used  by  cylinders  accounted 

for  at  release 


H.  P.  Cyl. 


L.  P.  Cyl. 


365.  Calorimetiic  Methods  of  Engine  Testing.  —  The  object  of 
caJorimetric  tests  is  the  determination  of  the  various  ways  in  which 
the  heat  supplied  to  the  engine  is  distributed  at  various  points  in 
a  single  cycle,  to  bring  out  the  heat  interchanges  between  steam 
and  cylinder  walls,  etc.  The  methods  of  carrying  on  this  work 
were  mainly  developed  by  Him,  and  hence  the  computation  is 
often  called  Hirn^s  Analysis.  It  is  also  often  called  simply  the 
heat  analysts,  especially  if  modifications  of  Him's  original  methods 
are  here  and  there  introduced  in  the  computation. 

The  method  consists  of  dividing  the  average  indicator  card 
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obtained  on  a  complete  engine  test  into  its  several  events  and 
each  event  computing  the  quantities  of  heat  involved,  that  is, 
quantity  of  heat  originally  available  at  the  b^^ming,  the  qi 
remaining  at  the  end,  the  quantity  converted  into  work,  and 
quantities  that  can  be  accounted  for  as  lost  to  cylinder  walb  M 
radiation,  etc.    A  very  complete  exposition  of  the  entire  method] 
of  computation,  together  with  a  concrete  example  of  its  appKc 
will  be  foimd  in  Peabody's  "  Thermodynamics  of  the  Steam 
to  which  the  student  is  referred.    The  following  is  an  abstnulj 
the  scheme  there  devekq>ed. 

Let  Fig.  503  represent  the  average  indicator  card.    Draw  ill 
line  of  zero  pressure  and  the  line  of  zero  volume,  Vc  being  the 
of  clearance.    Number  the  important  events  on  the  card  as  f( 


vtfrLine  of  Zero  AI»olute  Preawire 


21  V 


2'  4 


Fig.  503. 


Admission,  o;  cut-of,  i ;  release,  2;  and  beginning  of  compresskHil 
Let  that  period  of  the  cycle  from  o  to  i  be  represented  by  ^ 
from  I  to  2  by  6,  that  from  2  to  3  by  c,  and  that  from  3  toobj' 
For  each  one  of  the  points  o,  i,  2,  and  3,  determine  the  f( 
data:  Absolute  pressure;  heat  of  liquid,  q\  internal  latent  httt,i 
heat  of  vaporization,  r ;  total  heat,  X;  and  specific  volume  (rf 
V.  Also  measure  the  total  volume  (  =  clearance  volimie  + 
from  end  of  stroke  to  point)  up  to  the  various  points.  Recorf' 
these  data  on  the  following  blank  form.  If  at  any  of  the 
the  steam  is  superheated,  several  of  the  quantities  above  aiei 
;pondingly  modified. 
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ABSOLUTE  STEAM  PRESSURES  FROM  INDICATOR  CARDS  AND 
CORRESPONDING  PROPERTIES  OF  STEAM. 


cylinder} 


High  Pressure  or 
Low  Pressure. 


• 

Cut-ofF. 

Release. 

Beginning  of 

Gjmpres- 
sion. 

Admission. 

Symbol. 

Subscriot  used 

I 

2 

2 

o 

Absolute  steam  pressure ..  lbs. 
Heat  of  the  liauid B.t.u. 

%j 

q 

p 

Internal  energy ** 

Latent  heat  of  evap ** 

Total  heat  in  dry  and  satu- 
rated steam B.t.u.* 

f 

H  ot\ 

Specific  volume  of  steam,  dry 
and  saturated cu.  ft.* 

V 

Volume  symbols 

Vc  +  V,^ 

Kc  +  K,= 

Vc  +  Vz^ 

Vc  +  Vo^ 

Fc  = 

Volumes  at  the  various  points, 
as  measured  from  card  cu.  ft. 

clearance 
vol.= 

*  Where  steam  is  superheated,  modify  these  items  to  suit. 

MEAN  PRESSURES  AND  HEAT  EQUIVALENTS  OF  THE 

EXTERNAL  WORK. 


CYLINDER  {"'^^P^*^"'"^' 
I  Low  Pressure. 


Symbol  used. 
Admission . . . 
Expansion. . , 

Exhaust 

Compression. 


External  Work.   External  Work. 


Foot -Pounds 


B.t.u. 


W 


An 


7  ♦ 


T?B. 


Next  divide  the  card  by  the  broken  lines  shown  into  areas  rep- 
resenting the  external  work  done  during  the  various  events  of  the 
cycle.    Thus: 
External  work  done  during  admission  =  areao',  \'\  i,  i'. 

expansion  =  area  i,  2,  2',  i'. 
release  and  exhaust  =  area  2,  4,  4',  2' 

minus  area  3,  4,  4',  3'. 
compression  =  area  o,  3,  3',  o'. 


>> 


>> 


>> 


>> 


>> 


>> 


>> 


>T 


>> 


i> 


J> 


>> 
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For  each  one  of  these  areas  find  the  mean  ordinate  by 
of  the  planimeter  and  compute  the  M.E.P.  by  proper  ^ring  scald 
Record  these  on  the  form  where  mdicated.  For  each  event  compili ' 
and  record  next  the  foot-pounds  {^W)  of  external  work  dooe. 
This  is  equal  to 

W  -  M.E.P.  X  piston  area  in  square  inches  X  distance  ntmL* 
by  piston  during  the  event. 

Note,  —  During  release  and  exhaust  the  piston  moves  from  2  to  4  k 
direction  and  from  4  to  3  in  the  opposite  direction.    Since  the  M J).P.  leooriBi; 
for  this  event  is  the  net,  as  above  computed,  the  distance  moved  by  the] 
in  this  event,  for  the  computation  of  YF,  should  be  taken  simi^y  as  4toj. 

Convert  the  various  quantities  PFa,  W^,  Wet  c^d  W4  of  extend 
work  in  foot-pounds  into  the  heat  equivalents  AW^^  ^ 
dividing  each  by  778,  and  record  on  the  form. 

From  the  engine  test  determine  the  actual  weight  of 
steam  furnished  to  the  engine  per  cycle.    This  does  fu4  take  ■ 
account  the  weight  of  jacket  steam,  if  jackets  are  used,  as  the 
of  this  jacket  steam  can  only  modify  the  heat  interchange 
'  walls  and  cylinder  steam,  and  this  action  will  appear  in  the 
Call  this  weight  of  cylinder  steam  =  M  pounds.    Compote 
weight  of  steam  caught  in  the  clearance  spaces  per  strdce,  on 
assumption  that  the  steam  is  dry  at  point  3,  and  call  this  wd^  *; 
Mq  pounds. 

This  completes  the  computation  of  preliminary  data, 
proceeding  to  establish  energy  balances  for  the  various  pcants 
the  card,  we  must  know  the  quality  of  the  steam  at  points  0,  i^ 
and  3.    The  quality  at  point  3  is  usually  assumed  »  1.0. 
quality  of  the  other  points  can  be  computed  as  follows: 

The  specific  volume  of  one  pound  of  mixed  vapor  and  fiqail' 

where 

u  =  volume  increase  during  vaporization, 

<T  =  specific  volume  of  water  imder  the  temperature 
ditions  existing. 
The  volume  V  at  any  point  on  the  indicator  card  may  tta 
general  be  expressed  by  the  equation 

F  =  Jf V  =  M{xu  +  <r). 
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Hence  for  the  points  o,  i,  and  2,  we  have 

7, +  7i  =  (Af  +  Af 0)  (xitti  +  en) 
7,  +  F,  =  (Af  +  Mo)  (xtU2  +<rt). 

In  these  equations  all  the  factors  but  Xoy  Xi,  and  Xs  are  known,  and 

these  may  therefore  be  found.    The  value  of  <r  changes  but  very 

little  (from  .016  to  .018)  in  the  ordinary  pressure  range,  and  is  in 

any  case  so  small  that  it  is  generally  neglected. 

Noie.  —  Where  a  saturation  curve  has  already  been  constructed  for  the 
general  engine  test,  the  qualities  of  the  steam  at  points  i  and  2  are  obtained 
more  quickly  by  means  of  this  curve. 

The  heat,  or  rather  the  energy,  balances  may  next  be  established 
for  the  various  points  on  the  diagram  as  per  the  following  scheme. 
This  is  carried  through,  assuming  that  at  all  the  points  considered 
the  steam  is  saturated,  wet  or  dry,  but  is  at  no  time  superheated. 
If  superheat  occurs  at  any  point  the  result  for  x  in  some  of  the  equa- 
tions above  will  be  greater  than  unity.  In  that  case,  the  compu- 
tations are  modified  by  substituting,  in  the  proper  places,  for  the 
intrinsic  energy  (all  the  equations  in  which  p  occurs)  and  for  the 
total  energy  (all  the  equations  in  which  r  occurs),  the  following 
expressions: 

Hintrinsic  =  X  +  Cp((i  -  0  -  total  APu  value, 

where  h  and  /  are  the  temperatures  of  the  superheated  steam  and 
of  saturation  respectively,  h  is  computed  from  the  computed 
value  of  X  according  to  the  equation 

Here  Cp  =  mean  specific  heat  for  the  range  ^  —  /.    Hence  this 
equation  will  have  to  be  solved  by  trial.* 
Energy  balance  at  cul-^jff  {Point  i).  — 

(a)  Intrinsic  energy  in  steam  at  admission. 

Ho  =  Mo{xqPo  +  9o)- 

(b)  Total  energy  added  from  o  to  i  (Period  a), 

H  =  M{xr  +  q) 
Here  x  is  the  quality  of  steam  in  the  steam  pipe  at  the  throttle. 

*  The  use  of  the  Mollier  diagram,  Fig.  245,  wiU  avoid  many  of  these  computations. 
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If  the  steam  is  superheated  at  this  point,  use  the  equation  givm 
above  for  the  total  energy  in  superheated  steam.  Note  the  use  li 
i)  instead  of  r  in  the  equation  for  (a).  The  APu  value  is  fuiBishcd 
by  the  boiler. 

(c)  Energy-  utilized  in  external  work  (Period  a) 

(d)  Intrinsic  energy  in  steam  at  cut-otF, 

(e)  Heat    interchange    between    steam    and   cylinder  iralb 

(Period  a). 

Q^=  H+ Ha- By- AW^  A 

Energy  Balotice  al  Release  {Point  2).—  \ 

(a)  Intrinsic  energj'  in  steam  at  cut-off, 

//.  =  (M  +  Mo)  (xm  +  qi)- 

(b)  Energ>'  utilized  in  external  work  (Period  6} 

=  AW,. 

(c)  Intrinsic  energy  in  steam  at  release  (Point  3), 

Bt  =  (M  +  i/„)  (xtpt  +  gt). 

(d)  •  Heat    interchange    between    steam    and   cylinder 

(Period  b), 

Q^  =  Hi-  Bi-  AW,. 
Energy  Balance  at  Beginning  oj  Compression  (Point  3).— 

(a)  Intrinsic  energy  in  steam  at  release, 

B,  =  {M  +  J/o)  («*M  +  ?i)- 

(b)  Energy  equivalent  of  work  done  by  piston  upon 

=  AW,. 

(c)  Total  energy  rejected  in  exhaust, 

H....  =M(x,..r„.  -f-v„.). 

(d)  Intrinsic  energy  in  steam  at  beginning  of  coni 

(Point  j), 

77,  =  Mo(«,p, +  ?,). 
(c)  Heat  interchange  between  steam  and  walls  (Period 
Q,=  Hi-  B3-  A/(x„,r„.  +  q„.)  +  AW,. 
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The  total  energy  rejected  (Item  (c)  above),  if  the  engine  is  con- 
densing, may  also  be  foimd  as  follows: 

Let  the  weight  of  condensing  water  used  per  M  poxmds  of  steam 
be  G  pounds  and  let  the  heat  of  the  liquid  of  the  inlet  water  be 
qiy  that  of  the  outlet  water  q^.  Also  let  the  heat  of  the  liquid 
remaining  in  the  steam  condensed  be  q^.    Then 

Heat  in  condensing  water  =  G{qk  —  ^O, 
Heat  in  condensed  steam  =  Mq^. 

The  sum  of  these  two  quantities  is  the  heat  rejected.  This  sum 
will,  in  general,  not  check  with  the  quantity  computed  under  (c) 
above  on  account  of  radiation  losses  from  condenser  and  piping. 
It  is,  however,  rather  difficult  to  determine  the  quality  of  steam 
when  the  latter  is  imder  a  vacuum,  as  it  is  likely  to  be  in  the  exhaust 
of  a  condensing  engine.  Consequently,  this  method  of  computing 
Item  (c)  is  mostly  used.  It  should  be  remembered  that  in  this 
case  the  quantity  Q^.  includes  the  radiation  from  condenser  and 
piping. 

Energy  Balance  at  Admission  (Paint  o).  — 

(a)  Intrinsic  energy  in  steam  at  beginning  of  compression, 

H3  =  Mo  (X3P3  +  gs). 

(b)  Energy  equivalent  of  work  done  by  piston  upon  steam 

(Period  d) 

=  AW,, 

(c)  Intrinsic  energy  in  steam  at  admission  (Point  o), 

Ho  =  Mo  (xoPo  +  go)- 

(d)  Heat  interchange  between  steam  and  walls, 

Q,=  H,-Ho  +  AW,. 
Net  Heat  Interchange  between  Steam  and  Cylinder  Walls.  — 

Radiation  Loss  from  an  Engine.  — 

Let  Qr    =  radiation  loss. 

H     =  heat  supplied  in  cylinder  steam  per  cycle. 
Hj   =  heat  suppUed  in  jacket  steam  per  cycle. 
H/  =  heat  rejected  in  jacket  steam  per  cycle. 
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Then  in  connection  with  the  other  equations  develq)ed.  abon 
for  heat  rejected  from  the  cylinder  and  for  heat  transformed  iDtD 
work,  we  may  write: 

The  heat  supplied  by  the  steam  jacket  per  cyde,  if  Mj  poimdl 
of  jacket  steam  are  condensed,  equals 

where  x^  /,  and  ^  refer  to  the  condition  of  the  jacket  steam  aiit 
enters  the  jacket.  Should  this  steam  be  superheated  at  entnuwe^ 
the  equation  becomes 

^f  =  r'  +  j'  +  C,«/-0, 

where  //  —  temperature  of  steam  and  f  «  saturation  temperatut 
The  heat  discharged  by  the  jacket  is  in  every  case 

where  (f'  ^  heat  of  the  liquid  of  the  discharged  jacket  coodcMip 
tion.    In  most  cases  j"  is  very  nearly  equal  to  j'. 

In  case  no  jacket  is  used,  ffy  and  H/  of  course  become  a  ft 
should  be  noted  that  the  quantity  Qr  is  determined  by  differaio^ 
but  Qr  b  small  as  conq>ared  with  the  other  quantities,  and  U/f 
error  in  the  latter  is  consequently  likely  to  be  a  considerabk  pff* 
centage  of  Qr^  for  which  reason  the  determination  of  radiatka  lif 
this  method  is  somewhat  uncertain. 

Heat  Analysis  Applied  to  MuUicylinder  Engines.  —  The  mdM 
of  computation  for  each  cylinder  is  the  same  as  outlined  abovt 
To  determine  the  heat  quantity  flowing  from  one  cylinder  to  tta 
next,  means  of  finding  the  quality  of  the  steam  must  be  provided. 
WTien  the  steam  is  under  a  vacuum  a  determination  of  quafity 
may  sometimes  be  made  by  connecting  the  outlet  of  the  cab" 
rimeter  to  the  condenser.*  Where  it  is  not  possible  actually  to 
find  the  quality  between  cylinders,  an  approximation  to  the  heit 
supplied  each  cylinder  may  be  made  by  determining  the  radiatka 

*  On  account  of  the  pulsating  flow  in  the  piping  between  cylinders,  the  qailil|k 
likely  to  change  from  die  beginning  of  an  exhaust  stroke  to  the  end  of  the  MM 
stroke.  It  is  not  certain  that  calorimeters  of  the  type  ordinarily  employed  'vM^ 
true  average  quality  under  these  conditions. 
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»r  the  whole  engine  as  indicated  in  the  equation  above  for  Q^y 
Kept  that  AW  will  represent  the  work  done  in  all  the  cylinders, 
dvide  the  total  radiation  loss  by  the  number  of  cylinders,  assum- 
Lg  that  the  loss  is  the  same  from  each  cylinder.  Having  the 
idiation  loss  from  any  given  cylinder  determines  the  heat  dis- 
larged  in  exhaust  by  equation, 

[eat  discharged  =  heat  supplied  —  heat  transformed  into  work 

—  heat  lost  by  radiation. 

It  is  needless  to  say  that  this  method  may  introduce  errors  suf- 
dently  great  to  make  the  entire  work  useless  and  that  the  heat 
aalysis  can  be  applied  to  a  multicylinder  engine  with  a  fair  degree 
I  accuracy  only  if  quality  determinations  of  the  steam  in  the 
diaust  of  all  the  cylinders  are  made. 

366.  Valve  Setting  on  Steam  Engines.  —  This  work  is  not 
zictly  of  an  experimental  engineering  nature,  but  is  introduced 
I  many  laboratory  courses  for  the  purpose  of  familiarizing  the 
rudent  with  the  general  procedure  of  setting  valves.  No  specific 
irections  for  this  work  can  be  given  here  on  accoxmt  of  the  multi- 
Hdty  of  different  valve  gears,  and  in  every  case  it  will  therefore 
eoome  necessary  that  directions  be  written  specifically  for  the  en- 
jbe  or  engines  that  may  be  in  possession  of  any  given  laboratory. 

The  student  is  referred  to  books  on  valve  gears.  See  "  The  Slide 
/alve,"  Begtrup;  "Handbook  of  the  Corliss  Steam  Engine,'' 
Shilfitto;  "Valve  Setting,"  Collins;  "  SUde  Valve  Gears,"  Halsey; 
'Vahre  Gears,"  Spangler. 


CHAPTER  XIX. 

STEAM  TTJBBINES. 

367.  General  Considerations. — The  present  commercial  impor- 
tance of  the  steam  turbine  makes  necessary  an  analjrsis  of  tuifaiBe 
efficiencies  and  turbine  losses.  It  is  not  possible,  in  the  scope  of 
this  book,  to  enter  into  a  discussion  of  the  details  of  turbine  design, 
even  in  so  far  as  they  may  affect  the  efficiency  developed,  cqp^ 
cially  since  the  method  of  testing,  which  b  the  main  topic  of  tUs 
chapter,  is  practically  the  same  for  all  types  of  turbines.  For  that 
reason,  only,  so  much  of  the  differences  in  construction  of  the  vari- 
ous t}'pes  as  is  sufficient  to  make  clear  the  meaning  of  some  tech- 
nical terms  generally  used  in  connection  with  classification  will  be 
presented.*  At  the  same  time  the  main  features  of  the  imptvtant 
commercial  types  will  be  briefly  illustrated. 

368.  Types  of  Turbines.  —  Turbines  are  generally  divided  into 
two  classes:  the  impulse  type  and  the  reaction  type.  Moyer  state 
that  without  further  explanation  the  use  of  these  terms  mi^t  be 
very  misleading,  as  practically  all  conmierdal  types  of  turbine  to- 
day operate  both  by  impulse  and  by  reactioiL  The  same  ante 
clearly  detines  what  is  meant  by  the  terms  as  actually  appU 
Figures  504,  505,  and  506  are  reproduced  from  his  work.  Ineick 
case  A  represents  an  expanding  nozzle  in  which  steam  is  ezpaadel 
from  boiler  pressure  to  some  lower  pressure,  thereby  acquiring  M^ 
velocity  and  kinetic  energ}^  In  Fig.  504  the  blades  have  sinj^ 
curvature,  and  the  steam  flows  through  the  blade  passage  J5  witbflit 
being  turned  back  upon  itself  to  any  degree.  If  the  wheel  wereW 
stationary,  the  steam  would  escape  from  the  blade  passages  pflC" 
tically  parallel  to  the  shaft  axis.     The  ordy  force  that  the  steam ca» 

*  For  full  discussion  of  turbine  details  see  any  of  the  following  books:  Stoiifc 
"The  Steam  Turbine'';  Moyer.  "  Steam  Turbines";  FVendi,  "Steam  I^bAImI* 
Jude, "  The  Theory  of  the  Steam  Turbine  ";  Neilson, "  The  Steam  Turbme";  HbbI^ 
"  The  Steam  Turbine."  | 
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exert  upon  the  wheel  is  impulse,  and  the  construction  shown  typifies 
a  pure  impulse  turbine.  If ,  as  in  Fig.  505,  the  blades  have  double 
curvature,  although  the  blade  passage  B  is  otherwise  the  same,  the 
steam  will  be  partly  turned  back  upon  itself,  a  reaction  force  will  be 
produced,  and  both  impulse  and  reaction  will  therefore  be  at  work. 
The  type  of  wheel  that  in  practice  would  be  called  the  reaction 
type  is  shown  in  Fig.  506.  Note  first  the  change  in  the  blade  form 
as  compared  with  the  two  previous  forms.    But  the  main  change 


Fig.  504. 


Fig.  505. 


Fig.  506. 


lies  in  the  fact  that  the  blade  passage  B  allows  of  the  expansion 
of  the  steam  while  passing  through  it.  The  nozzle  4  is  so  designed 
that  only  a  part  of  the  expansion  occurs  in  it,  the  remainder  down 
to  back  pressure  occurring  in  the  passage  B. 

The  main  distinction  in  practice  between  impulse  and  reaction 
turbines  apparently  lies  in  the  fact  that  in  the  first  type  no  expan- 
sion of  the  steam  takes  place  in  the  blade  passages,  while  in  the 
latter  type  it  does  take  place.  If  two  pressure  gauges  were  con- 
nected to  the  entrance  or  exit  sides  of  a  wheel,  we  would  therefore 
have  an  impulse  turbine  if  the  gauges  showed  the  same  pressure, 
and  a  reaction  turbine  if  the  gauge  on  the  exit  side  showed  a  pres- 
sure less  than  the  other.  Under  that  definition  the  wheel  shown  in 
Fig.  505  is  an  impulse  turbine,  that  shown  in  Fig.  506,  a  reaction  tur- 
bine, but  note  that  both  of  these  wheels  really  operate  by  impulse 
and  reaction  combined.  The  following  four  classes  of  turbines 
employing  the  principles  above  outlined,  practically  include  all 
commercial  turbines. 
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3^9.  The  Singb-ftage  topoUw  TwUDe.  —  In  this  tuitme  Ae 

wheel  is  of  the  type  of  Fig.  505.    The  steam  expands  in  the  node 

^,  Figs.  507  a  audi,  down  to  backpressure,  increasing  the  vdod^ 

to  the  maximum.    Fassng  thmiigh  the  lUt 

passage  B  reduces  the  velocity  according  ti 

the  work  performed.    The  curves  of  Figs,  jt/c 

and  d  clearly  show  the  pressure  and  velod^ 

_J.d)  changes  occurring  in  the  steam. 

The  commercial  example  of  this  turbine  titbe 
De  Laval,  Figs.  508  and  509.  In  the  latter  fif- 
ure,  il  is  the  turbine  wheel.  Owing  to  thebd, 
first,  that  the  velocity  of  the  steam  leaving  tk 
Dozde  is  very  high  in  this  turbine,  on  accounts 
the  single  expansion,  and  second,  that  the  bat 
effidoicy  of  the  turbine  is  realized  when  th 
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— Whxel  AHD  NoziLES  or  Dx  LtTtt 

peripheral  speed  of  the  wheel  is  about  50  per  cent  that  of  the  itA 
the  peripheral  speed  of  these  turbines  is  quite  high  (about  1350  fc* 
per  second).  This  makes  it  necessary  in  general  to  employ  tS^ 
reducing  devices  before  applying  the  power  developed  to  cooOt^ 
dal  machines.  This  gear  for  one  of  the  smaller  turbines  is  incbciM 
in  Fig.  509  at  /,  K,  L.  JT'  is  an  electric  generator,  coupled  it  Jt 
In.  the  larger  sizes  the  pinion  J  is  located  between  two  gears,  so  tW 
the  turbine  drives  two  shafts. 
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Fio.  509. — Db  Laval  Steau  TuKBiNE. 


ha,  51a. — IkrOLBE  TuasDre  wriH  Fig  511  — Ivpi'l<!f  Ttdiiinf  w 
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J 
370.  Tlie   Multi-stage  (Componnd)   Impiilse  Turbiiie.  ~  Tio  j 

idnds  of  this  type  of  turbine  are  recognized,  according  to  whdkr 

the  machine  has  several  velocity  or  several  pressure  stages.    Soae 

commercial  madiines  have  both  kinds  of  stages,  hence  the  nami 

compound. 

Figures  510a  to  d  exfiain  the  c^ration  of  a  turbine  having  tVD 
vducity  stages.    The  operation  of  the  first  nozzle  A  and  movflg. 
passage  B  is  the  same  as  for  the  single-stage  turbine  just  desaiboL 
Nv^te  that  the  pressure  and  velocity  changes  are  also  the  same. 
After  lea\-ing  the  passage  B,  the  steam  next  enters  the  seoood 
set  of  stationary-  nozzles  ^1.      These  are  really  nothing  but  gokfe 
blades  to  cause  the  steam  to  strike  the  second  set  of  movable  Uade 
^xissages  Bi  at  the  proper  angle.    The  velocity  curve  shows  tint 
the  velocity  changed  in  B,  owmg  to  work  done,  but  that  little  daafti 
took  place  in  A^  except  that  due  to  friction.    The  second  movatk^ 
set  Bi  then  reduces  the  velocity  to  the  minimum.    The  advantage 
of  this  construction  over  that  of  the  single-stage  turbine  is  thit 
the  peripheral  speed  may  be  kept  down.    Three-  or  foor-atqe 
turbines  of  this  t>-pe  have  been  built,  but  they  are  not  comnNiL 

Figures  511a  to  d  show  the  operation  of  a  turbine  having  tm 
pressure  stages.  In  this  construction  the  first-stage  statiootfj 
nozzles  A .  followed  by  the  movable  set  of  blades  J5,  are  practkaBf 
the  same  as  Fig.  507,  the  single  impulse  wheel.  The  same  state- 
ment holds  for  the  second  stage,  except,  of  coiurse,  that  thepressoe 
on  the  second  nozzle.  ^1,  is  the  same  as  the  exit  pressure  from  tie- 
first  movable  set  of  blades.  Note  the  pressure  and  velocity  changa 
in  Fips.  51  u  and  J,  as  compared  with  those  in  Figs,  sioc  audi 

The  purely  velocity-stage  type  of  turbine  is  apparendy  a*  j 
much  used  commercially.  Machmes  usmg  the  pure  pressure-stigp  | 
principle  are  the  Rateau.  the  Zoelly,  and  the  Hamilton-HolzwcA 
The  pressure  and  velodt}'  changes,  together  with  the  blade  aid 
guide  construction,  are  well  shown  in  Fig.  512.*  A  turbine  C» 
pounding  velocity  and  pressure  stages  is  the  Curtis,  made  by  » 
General  Electric  Company.  This  machine  m  the  larger  azes  is  of  4a' 
vertical  type.    In  Fig.  513,!  C  is  the  turbine,  B  the  electric 

♦  French,  "  Steam  Turbines,"  p.  109. 
t  French,  "  Steam  Turbines,"  p.  117. 
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■,  aad  D  the  step  bearing  upon  which  the  construction  rests.  A  is 
entrifugal  governor  which  controls  the  speed  through  the  medium 
an  hydraulic  cylinder,  which  in 
n  controk  the  opening  or  clos- 
:  of  poppet  valves  by  which 
am  is  admitted  to  the  various 
s  in  the  first  stage.  Figure 
\*  shows  two  pressure  stages 
n  one  of  these  turbines.  The 
t  set  of  nozzles  A  reduces  the 


Sii. — Motii-STACB  TvBBiHE  Fio.  513.  —  Curtis  Turbine. 

(Five  Psessuse  Stages). 

iBure  and  increases  the  velocity.  This  set  of  nozzles  is  followed 
he  same  stage  by  sets  of  movable  blades  and  of  guide  blades, 
his  case  three  of  the  former  and  two  of  the  latter.  In  passing 
Migh  the  movable  blades  the  velocity  is  reduced,  while  in  passing 
mgh  the  guide  blades  it  is  kept  practically  constant.  On  leaving 
last  set  of  movable  blades  in  this  stage,  the  pressure  i  ^  practically 
same  as  it  was  after  leaving  the  nozzles  A.  The  steam  next 
aunteis  a  second  set  of  stationary  nozzles  A^  in  which  the  pres- 
•  French,  "Steam  Turbines,"  p.  114. 


«I4 


EXPERIMENTAL  ENGINEERING 


frj<;M((«<«t<«<(<,la' 


=/ 
•^ 
^ 

=# 

^ 

•> 

i 

i 

C») 


FlO.  SIS-  — Mtxn-STAGERlACnOllTDtWOT. 


STEAM  TURBINES  815 

sure  is  again  reduced  with  a  gain  in  velodfy,  and  the  second  velocity 
stage  then  follows. 

371.  The  Haiti-stage  Reaction  Turbine.  —  See  Figs.  5152  to  d, 
concerning  the  principles  of  operation.  There  are  no  special  noz- 
zles, the  steam  from  the  steam  chest  entering  at  once  the  fiist  set 
of  stationary  guide  blades  A.  In  these,  expansions  take  place 
and  the  pressure  drops  a  certain  amoimt  with  a  gain  in  velocity  (see 
Figs.  515c  and  d).  In  the  movable  set  of  blades  S  further  expansion 
takes  place  and  the  pressure  drops,  but  owing  to  the  work  done 
the  net  result  is  a  loss  of  velocity.  In  the  second  set  of  guide  blades 
A\,  the  velocity  is  again  increased  by  a  further  pressure  drop,  and 
thus  the  velocity  is  alternately  increased  in  the  stationary  blades 
and  decreased  in  the  movable  blades,  by  pressure  drop  in  each 
case,  until  exhaust  pressure  is  reached. 

One  of  the  most  important  commercial  examples  of  this  type 
of  turbine  is  the  Parsons,  built  by  the  Westinghouse  Machine  Co. 


Fto.  516.  — WisTiMcsaDss-PAZsoNS  Steav  Tubbikb. 

Fig.  516  shows  the  construction  of  one  of  these  machines.  Another 
type  built  by  the  same  company  is  a  double-flow  turbine  designed 
to  avoid  the  end  thrust  present  in  the  ordinary  construction.  This 
machine  is,  however,  really  compounded,  in  that  it  has  a  set  of 
nozzles  with  two  velocity  stages,  one  intermediate  section,  and  two 
low-pressure  sections  of  Parsons  blading.* 

"  Moyer,  "The  Steam  Turinne,"  p.  173, 


6£6  EXFEEDfESTAI.  ESCIXEHUNG 

The  AIJi&-CImltnt!»  Cuiiune  s  at  tbe  Pvsxts  type,  Uie  a 

diff tiiQios  being  in  '"'■<'i""itTii  i4^t*»t^  at  cunstiuction. 
373.  Tmbiiws  of  Ifae  PcHdb  Type  (Open-vane  or  Bucket  Tri 

bines).  —  Turbints  ui  ^^tt^4  tjpe  were  drv'eiofjed  by  Ralcau  in  Pi 
and  by  Riedler  and  Stumpf  i 
Bedin.  RiMller-Stiimpf  t 
of  cmsideiabW  aze  irere  builtll 
arc  in  opention.  Id  this  cc 
these  turbines  are  built  by  i 
tcNinl,  by  KeiT,  by  Teny,  i 
otbeB.  The  general  comtruc 
don  of  the  wheels  used  ^  \V 
well  ahown  in  Fig.  ji;.* 
iUostratEs  a  Sturtcvant  ^ 
Tbe  similanty  to  the  oidisu 
Pelton  iratd-irheel  b  stdkiq 
Figure  $i6 1  ahoirs  a  sectioil  «f  i 
KciT  turbine  ha\ing  Qxt  cat 
portments  and  wheels.    ThepV 

sitiun  of  tbe  nuzzles  with  reference  to  the  wheel  is  wciJ  shown  i 

Fig.  5t9.t 


*  Moy«r.  "Steua  TurtiM,''  p.  xA. 
f  Ibid.,  p.  Hi. 
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^^.  The  Testing  of  Steam  Turbines, 
■zi^xxunerdal  testing  of  steam  turbines  is 
■CH.^AA.paratively  simple  matter.  There  is 
X.:5.ircct  way  of  determining  the  actual 
J'T— _  done  by  the  steam  in  the  rotating  I 
^^-3^%  of  the  turbine;  that  is,  there  is  no 
quantity  analogous  to  the  "Indicated 
^~^3e  Power"  of  reciprocating  engines. 
^  sui  economy,  efficiency,  or  capacity  test, 
*^^fore,  the  measurements  made  are  ^^  P^'^- si9-\VEz^^mii<a- 

^  '  ILE  OF  KeBR  TUHBINE. 

•^'CMuit  of  steam  used,  the  condition  of  the 


^  _»  at  inlet  {and  in  exhaust  if  possible),  and  the  power  output. 
,  -Slie  arrangements  for  the  measurement  of  steam  used  are  the 
*^t*ic  as  for  the  reciprocating  engines.  For  the  purpose  of  obtain- 
7*^S  the  best  economy,  the  great  majority  of  turbines  are  operated 
J^iaidensing,*  and  the  usual  type  of  condenser  is  the  jet.  This 
^fifeans  that  in  most  cases  measurement  of  feed  water  to  the  boilers 
^■•Dl  have  to  be  resorted  to. 

Depending  upon  whether  the  turbine  operates  upon  superheated 
"^W  saturated  steam,  either  a  thermometer  is  inserted  or  a  calorim- 
eter is  attached  to  the  steam  pipe  near  the  main  throttle.  For 
the  precautions  necessary  to  observe,  see  Chap.  XIV.  It  has  been 
found  that  the  effect  of  superheated  steam  upon  economy  is  more 
marked  in  the  case  of  turbines  than  in  that  of  reciprocating  engines, t 
and  many  turbines  operate  on  superheated  steam.  That  simplifies 
the  determination  of  steam  quality.  Concerning  the  determina- 
tion of  quality  of  steam  in  exhaust,  this  is  desirable  as  a  matter 
of  scientific  data.  If  the  steam  was  originally  sufficiently  super- 
heated, it  may  happen  that  the  steam  is  still  superheated  in  exhaust, 
in  wluch  case  the  quality  determination  consists  merely  in  deter- 
mining the  pressure  and  temperature.  Where  this  is  not  the  case, 
the  determination  of  quality  in  exhaust  becomes  difficult  in  con- 
densing turbines.  The  ordinary  calorimeter  is  practically  useless 
on  account  of  the  difficulty  of  inducing  flow.    The  shunting  of  a 

*  For  discussions  of  the  effect  of  different  vacuums  upon  economy,  see  any  of  the 
works  above  mentioned. 

t  Mainly  on  account  of  decreased  friction  due  to  elimination  of  water  panicles 
in  the  steam.      See  works  mentioned. 
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He  question  of  determining  the  power  output  of  turbines  is 
loally  easily  solved,  because  most  of  them  are  used  for  the  genera- 
d  of  electric  current.  The  switchboard  readings,  therefore,  de- 
mine  the  output.  This  corrected  for  generator  efficiency,  which 
I  be  separately  determined  or  computed  but  is  best  obtained 
m  the  builders  of  the  machine,  gives  the  actual  mechanical 
A  delivered  by  the  turbine  to  the  generator. 
X  occasionally  happens  that  the  power  developed  is  used  in 
ae  other  way.  In  such  a  case  a  fluid  friction  brake  (see  Chap.  X) 
best  on  accoimt  of  the  high  speed,  especially  if  the  power 
be  absorbed  is  considerable.  The  power  developed  by  marine 
am  turbines  is  best  measured  by  means  of  some  tj'pe  of  torsion 
ter. 

Che  preceding  form  is  convenient  for  recording  the  data  from  a 
bine  test  and  also  points  out  the  principal  results  to  be  computed. 
74*  Computations  in  Connection  with  Steam-turbine  Tests.  — 
Jie  turbine  is  tested  -for  economy  at  a  series  of  loads,  Willan's 
i  (see  p.  726)  should  be  plotted  during  the  tests  as  a  check  upon 
work,  as  in  the  case  of  a  reciprocating  engine.  The  final  report 
uld  show  economy  curves  drawn  between  steam  consumption 
horse  power  and  kilowatt-hour  and  output  (see  Chap.  XVIII). 
niemal  Horse  Power,  —  Where  the  turbine  is  driving  a  gen- 
tor,  the   output  will  be   determined   in   kilowatts.      This  is 

1000 
iqx)sed  to  electrical  horse  power  by  multiplying  by  — —  =  1.34. 

746 

iding  the  electrical  horse  power  next  by  the  efficiency  of  the 

erator  gives  what  is  the  equivalent  of  brake  or  shaft  horse  power 

i  reciprocating  steam  engine.     It  has  already  been  pointed  out 

t  there  is  no  indicated  horse  power  in  the  case  of  steam  tur- 

es,  but  in  order  to  make  the  results  of  steam  turbine  tests  com- 

ablewith  those  of  reciprocating  engines,  the  term  internal  liorse 

acr  is  invented.    This  is  obtained  from  the  brake  horse  power 

taking  into  accoimt  the  mechanical  efficiency  of  a  reciprocating 

pne  of  the  same  capacity  and  operated  at  the  same  load.     The 

iiimption  of  this  efficiency  is,  of  course,  largely  a  matter  of  esti- 

itkm  based  on  the  results  of  available  tests.     For  instance,  in  a 

It  quoted  by  Moyer,  the  brake  horse  power  of  a  400-K.W.  tur- 
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bine  was  found  to  be  660.    From  available  data  it  was 
that  the  mechanical  ^dency  of  a  reciprocating  engine  woald 
93.3  per  cent  whcai  operated  at  the  same  load  and  under  thei 

conditions.    The  internal  horse  power,  therefore,  is  —  =  yot* 

•933 
TktrmitI  Efficiency.  —  As  in  the  case  of  reciprocating  engines, 

is  dedned  as  the  ratio  of  the  heat  equivalent  of  the  work  done  ill 

given  time  dix-ided  by  the  heat  supplied  the  turbine  in  the  same  tiML| 

For  the  mathematical  egression  of  this  ratio,  see  Chap.  XVIIL 


B.H.P 594.9 


Internal   H.P.   (effideocy  =■ 

.04^   632. 5 

Total  steam  per  hour,  lb&  . .  73S4 

Steam  per  internal  H.P.  per 
hour,  lbs. 11. 67 

.\bsoIute  steam  pressure,  lbs.     170.  o 


a  *i 


Superheat,  degrees 109.  o 


Temp,  condensed  steam. 


95.8 


Heat  in  dry  and  satu- 
rated steam,  per  lb..  1195.4  BiA; 

Heat  in  superheat,  per 
lb. 62.0 

Total  heat  per  lb.  of 
steam  above 32°  F. .  1257*4 

Heat  in  condensed 
steam 52. 3_ 

Heat  in  steam  per  lb. 
above  temp,  of  con- 
densed steam 1205.  i 

Thermal  efficiency 
based  on  total  heat  in 
steam  above  32^ 

_       ,   ^545 


11.67  X  12574 


-      17.3% 


Thermal  efficiency 
based  on  total  heat  in 
steam  above  temp,  of 

'    condensed  steam 

« ^545 


11.67  X  1205.1 


18.1% 


There  appears  to  be  some  difference  in  practice  as  far  as  cooopal* 
ing  the  heat  supplied  in  a  given  time  is  concerned.    In  all 
the  total  heat  in  the  steam  supplied  is  computed  above  32  dsgpf^ 
Most  authorities  subtract  from  this  the  heat  of  the  liquid  left 

*  It  may  be  stated  that  "internal  horse  power"  is  based  upon  arbitiiiy 
tion,  and  that  for  the  purpose  of  getting  an  equitable  basis  upon  wliicii  to  bM 
entific  comparisons  it  is  much  better  to  express  the  steam  or  heat 
dther  engines  or  turbines  upon  the  brake  horse  power. 
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the  condensed  steam.  This  introduces  a  factor  into  the  computa- 
"Vkm  which  is  peculiar  to  the  individual  plant,  depending  upon  the 
"^Jperation  of  the  condensing  plant,  irrespective  of  the  pressure  in 
.  the  exhaust.  It  is  hard  to  see  why,  in  the  computation  of  a  crite- 
rion by  which  the  performance  of  the  turbine  itself  is  to  be  judged, 
*%liy  factors  independent  of  the  turbine  should  be  considered.  It 
^  true,  of  course,  that  this  matter  is  largely  one  of  definition,  and, 
*IMI  stated  above,  the  subtraction  of  the  heat  of  the  liquid  in  the 
^tODdensed  steam  is  usually  made.  To  show  the  difference  that 
occurs  in  the  results  when  this  allowance  is  made  and  when  it  is 
.  Bpt  made,  the  figures  on  p.  820  are  quoted  from  French*: 

Potential  (Clausius)  or  Cylinder  Efficiency.  —  The  theoretical 
""cycle  of  the  steam  turbine  is  the  Clausius,  in  which  there  is  assumed 
to  be  adiabatic  expansion  of  steam  from  boiler  pressure  and  initial 
quality  conditions  to  exhaust  pressure.  (See  Art.  185,  Chap.  XI.) 
It  is  a  simple  matter,  for  any  given  condition,  to  compute  the  heat 
units  that  such  a  cycle  renders  available  per  pound  of  steam  assumed 
to  be  operating,  and  if  the  quantity  2545  B.t.u.  (which  is  the  heat 
equivalent  of  33,000  foot-pounds  =  i  horse-power  hour)  is  divided 
by  the  heat  transformed  into  work  per  pound  of  steam,  we  evidently 
obtain  the  nimfiber  of  poimds  of  steam  required  by  the  turbine  per 
horse-power  hour  if  it  were  operating  on  the  theoretical  cycle.  If, 
further,  this  theoretical  water  rate  is  then  divided  by  the  actual 
water  rate  of  the  turbine  as  determined  from  tests,  we  obtain  an 
efficiency  ratio  which  has  been  called  potential  or  Clausius  efficiency y 
and  is  analogous  to  the  cylinder  efficiency  in  reciprocating  engines. 

Let         n  =  the  heat  units  transformed  into  work  per  pound  of 

steam  operating  on  the  theoretical  Clausius  cycle, 
and 

W  =  the  actual  water  rate  of  the  turbine  in  poimds  per 

horse-power  hour. 
Then  the 

Clausius  efficiency  =  ^77^ 

H  may  be  computed  but  is  most  easily  determined  by  means  of 
the  MoUier  diagram,  Fig.  245. 

*  These  figures  are  slightly  changed  from  the  original,  Marks'  and  Davis'  Steam 
Tables  being  used. 


».   T 


EXPERrVfEXT AL  ENGINEERING 


.'.. M,»/i.v  —  ;■;•,  -h,^  -hov**  ^.'■*<x  nziirw.  quoted  from  French,  -n^  "'■r.fzss 
-•:'-".'■■       '-■■'    «;•/••",    ■•'It    i«Timp  'hat   the  •"xhausi  pressure  "^r^i    .  :    ^; 

i.  -  ■  .*  -    --  ^,.,tin.i>  ThsolMtp  pressure  nnd  roo  deerees  o:  "st^ttlsiz   :. 

::'^r.t'*-    :;■.■'■'     .  --  U  *  ■:    7 it  [^Mind  ^f  Me.im.  as  cio^eiy  n=  :*.  .  .ir.  re  :  _:. 

;■  -  -^-.  •':.'    .   ■-•  ■•■  '!  •-  ■'incT.'im  d pnn tine  this  rondi Hon  or  ^ri:-am.    ::":      -" 
::'■        ^  ^r  !     :  !:  (hnt-r  .-.r  -^f^ritronic  cha nee »  until  the   :-"•"  ir.'.   ..7.  -■- 

-,r-'-:--    "    ■    -  -■;-h'"'!      T^-t=-  oTinh'ry  of  the  steam  has  dronpen  *:     z  .  ■  .: 

-,.-'      i-;'..  •'■..  I-  -V  -.'-.nTcnr  is  now  **o6  B.t.u.  per  pound.     'V.wzs  :ne  *r.e-:r:-:  ■:: 
yr-V-  T'-'-U'-     •    i'iM«*  /7  =  :::7  —'^06  «  ?6i  B.t.u.     Tlic  thecrct:cc-  .,.._-• 

.-..  ■;  •'..-..•  ,r.^  ~  ■"     =  -.z'  nounds  ner  horee-ixjwer  hour,      ^.r.cc  'r.->  _  ■_ 

•  ■  * 

vTr-^r-'';?    '  — '"'  ■■•■  *h**  -nT^rnnl  horse  power  was  ir.b"  pounds,  ihz:  ^::ztcszczi- 
vz  '"*:': •■■•v   ■:^. -•••'•. -V  :-.  -^"—  ^  1:3^  ner  rent. 

375.   Separation  and  Estimatioa  of  Steam-Carfame  Losses.  —  T:^ 

V,cc,.<:  ,  ,.  ..^^'nir  Trj  ^tenm  ♦^urhines  mav  be  dassined  as  loiiow?: 

;,:  ,:^,.;  ■-  ".-.;:7Ip<  md  Mades.  owine  to  imperiect  j.ctioii  ■::  :r.r 
-■■:■?''  ""  ■'*-  ^:is*5n7e.  The  ejeater  part  01  this  .v^s  :.-  .1 
•  ;•'  ■  ;nit^-    *he  nozzle  efficiencv  beine  in  most  cises  ■  .^r 

:     r^'-V    i^.'^i  ■  '  ide  Hrrii»n.  due  to  the  rotatioii  in  ihe  itc^n. 
v--'-  ".indiicre  ''■-'^es  in  electric  eenerator.       Together  ::.-r: 

-'■^   •  .r-'Mcrh  'iearance  spaces   ^vitiiout    :.izj 


I  •■• 


.-   .H 


-.  /«    .  * . .  rV,  n  nr.  J ,,  »y  f  ri c \  inn   loSSCS- 

T  •..;..  '  .^;:p<:  u  measured  by  the  liinerencc    > 

f^  <     ni^iu^  »*mriency.  based  upon  liic  jnii^ 

*''^ '. '  :'.»ir-i*  r.M)wer.     Thus,  in  rat:  rizur^ 

:  .-.r     -erhanirai   eifidencv  - — — — '—^ — 

Intemai  II.. 

T'-nrt--.   ■...ised  uoon  the  '.'raKc  -lor-r^ 

■  " -^  ;   :n  •■^e  -. bnvp  example  w'oiiid  have  "^rcn 

/     '        -  -    y-     -r      The  Mim  of  the  dve  iosses  .jloov? 

-  ■    '  '  -    -   ■ '  -  =  ^ ;. :  per  cent. 

"■'     •    ■  ^.-"-..t'"(t  The*  indKidual  losses  may  He  made 

,—   -  ■  ^ -\-^^.y\(vni  -^T  ho»ir.     Cinnpuxe  the  data  lor  ie 
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line  OC,  which  is  tiie  line  of  total  steam  consumption  for  the  turbine 
operating  on  the  theoretical  Clausius  cycle.  Since  there  are  no  losses, 
this  line  will  pass  through  the  origin  0  for  ao  load.  Through  O 
draw  also  the  line  OB'  parallel  to  AB.    Prolong  the  hne  BA  to  />. 


y 
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/ 
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Fig.  s»o. — Determination  of  Turbine  Losses. 

The  line  AB  shows  that  there  is  a  certain  quantity  of  steam, 
represented  by  OA ,  used  per  hour  when  the  turbine  is  dehvering 
no  power  and  simply  turning  over  against  its  own  resistances. 
The  power  thus  expended  and  lost  is  measured  by  the  distance  OD, 
and  is  represented  by  losses  2,  4,  and  5,  enumerated  above.  These 
losses  are  fairly  constant  ajid  independent  of  the  load.  Hence 
they  can  be  eliminated  by  drawing  in  the  line  OB'.  The  rest  of 
the  losses  may  be  considered  varying  with  the  load,  and  are  repre- 
sented in  the  diagram  by  the  widening  distances  between  lines 
OB'  and  OC  as  the  load  inaeases. 

To  determine  the  percentage  of  the  losses  at  any  given  load, 
say  B,  draw  through  B  the  line  A'C.  Distance  A'C  shows  the 
power  that  the  steam  used  should  have  produced  had  there  been 
no  losses.  Distance  A'B  is  the  power  actually  produced.  Hence, 
A'B 
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power  lost.    Of  this  the  part  BB'  is  due  to  the  constant  lossesaal 
B'C  to  the  variable  losses. 

The  further  subdivision  of  the  two  classes  of  losses  is  not  a  smfkl 
matter  and  the  reader  is  referred  to  steam-turbine  treatises  is 
detailed  information. 

376.  Method  of  Correcting  the  Results  of  Steam-Tubine  Ml 
for  Standard  or  Guarantee  Conditions.  —  Contract  guarantea 
generally  state  that  a  steam  turbine  will  operate  on  not  to  eneod 
a  certain  steam  consumption  per  K.W.-  or  B.H.P.-hour  for  a  ccrtiii 
absolute  steam  pressure  at  the  inlet,  a  certain  quality  of  stcim 
(usually  superheat) ,  and  a  certain  vacuum .  It  occasionaUy  happeol 
that  on  an  acceptance  test  one  or  the  other  of  the  conditions  speci- 
fied cannot  be  exactly  met,  and  the  question  then  arises  as  to  vhit 
allowances  shall  be  made  mutually  satisfactory  to  manufactocc 
and  purchaser.  The  same  question  also  comes  up  when  it  is 
to  compare  turbines  of  the  same  size  but  of  different  types 
respect  to  steam  economy,  if  the  test  figures  available  were 
obtained  under  the  same  conditions  of  pressure,  superheat,  uA 
vacuum. 

The  method  of  correcting  is  in  both  cases  the  same.  In  the  f«fr^ 
mer  case  the  test  figures  are  corrected  to  the  guarantee  condition = 
while  in  the  latter  case  some  standard  set  of  conditions  (usoiDf^ 
about  the  average  of  two  sets  of  actual  conditions)  is  assumed  odj 
all  the  results  are  computed  to  this  standard.  In  either  case  ft  B;| 
of  course  necessary  to  obtain  certain  data  on  the  change  of  eooBOiVi 
with  a  change  of  any  of  the  three  conditions  named.  SuchAI*] 
can,  in  nearly  all  cases,  be  obtained  from  the  manufacturer 
contract  guarantees  it  is  common  for  the  manufacturers  to 
tables  showing  the  allowances  to  be  made  in  specific  cases. 

How  the  corrections  are  computed  for  full  load  is  perhaps 
shown  by  a  concrete  example.     The  figures  are  quoted  from 
''Steam  Turbines,"  Chap.  VI.    Fig.  521  shows  the  three 
curves  for  full  load  furnished  by  the  manufacturer  for  a  125X^*1 
turbine. 

This  turbine,  with  175  poimds  absolute  admission  pressure,  37.S 
vacuum,  and  50  degrees  of  superheat,  showed  a  steam  consumptioD  al 
load  of  24.5  pounds  per  kilowatt-hour.     It  is  desired  to  reooo^mte  tUl  ^, 
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1 165  pounds  absolute  pressure,  28  inches  vacuum,  and  o  degrees  super- 

ve  I,  Fig.  521,  between  27  and  28  inches  vacuum,  shows  a  gain  of  i.o 
in  steam  consumption,  hence  the  correction  should  be  a  subtraction  of 
id  from  the  observed  steam  consumption,  since  the  new  basis  shows  an 
ie  of  i  inch  vacuum. 

ve  n  shows  a  gain  of  2  pounds  in  the  steam  consumption  for  an  increase 
eriieat  from  o  to  100  degrees.    The  correction  should  therefore  be  an 


21  as  23  24  ^25.  26  27  28  Vac/'Hff. 

Curve  I  for  Changw  in  Vac.(if  F.  Superheat;  165  ^  abs.  Pressure .) 
»  40  60  80  100^         120  140  ICO^^*^?'^" 

Curve  n  for  Changes  in  Superheat.  (28'Vao.  166^ abs.  Pressure.) 
)  no  120  130  140  150  160^  170  ItiO  ^^J^^ 

Curve  III  for  Changes  in  Abs.  Pre8sf28"yac.0"F.  Superheat.) 

Pio.  521. — CuKVES  Showing  Vakiation  op  Turbine  Economy. 

n  of  I  pound  to  the  observed  steam  consumption,  because  the  new 

hows  a  loss  of  50  degrees  of  superheat. 

ally,  Curve  m  shows  a  gain  of  4  [)ounds  in  the  steam  consumption  for 

lease  of  80  pounds  in  the  admission  pressure.     Hence  the  correction 

I  be  an  addition  of  .5  pound  to  the  observed  watcr-rale,  since  the  new 

bows  a  loss  of  10  pounds  admission  pressure 

5  corrected  steam  consumption  therefore  is  24.5  -  .5  +  10  +  5  =  25.5 

s  per  kilowatt-hour. 

rFection  ior  fractional  loads  {\  load  to  i^  load)  may  be  made 
imilar  manner  by  a " ratio "  or  "percentage"  method,  on  the 
iptjon  that  the  percentage  correction  found  at  full  load  applies 
it  any  other  toad.  This  is  very  nearly  true  for  any  but  the 
low  toads.  ^ 
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To  explain  the  method^  it  will  be  found  from  Curve  I  that  the  coDsumptiai 
for  27.5  inches  vacuum  is  25.6  pounds,  while  for  28  inches  vacuum  it  is  25  poundi 
per  kilowatt-hour.    Obviously  the  percentage  correction,  from  the  27.5  indes 

to  the  2S  inches  basis,  is  -^^ — ^^—^  «=  —  2.34  per  cent.     This  correction  is  Mga- 

25.0 

live  (that  is,  a  subtraction)  because  the  new  basis  of  computation  shows  1 
better  vacuum  and  hence  better  economy,  as  already  stated.  Similar  per- 
centage factors  may,  from  Curves  11  and  III,  also  be  computed  for  changes  of 
superheat  and  of  admission  pressure,  keeping  in  mind  always  to  designate  the 
factors  by  a  minus  sign  if  the  change  from  the  actual  to  the  assumed  basb  is 
a  gain  of  economy,  and  using  the  plus  sign  if  the  change  is  accompanied  by 
an  increase  in  the  steam  consumption.  For  this  particular  case  the  followmg 
table  shoT^-s  the  final  result: 


] 


Vacuum,  inches 


Test  Conditions. 


I  Steam  Cons. 
Lbs.  per 
K.W.-hr. 


I 


Superheat,  dog.  F. 


275 


50.0 


Abs.  press,  adm 1 75  •  o 


25.6 


24.0 


24.3 


.\ssumed  Conditions.' 


28.0 


0.0 


165.0 


Steam  Cons. 
Lbs.  per 
K.W.-hr. 


Correction 
Ratio. 


25.0 
25.0 
24.8 


25.6  X  250 

25  6 
25.0  X  24.0 

24.0 

24.8-  24.3 


243 

Net  correction 


Comctkt 
PoccBlifi 


+417 

+2.00 


Finally,  the  following  table  shows  the  results  obtained  for  this  turbine  it 
fractional  loads  and  the  percentage  correction  applied  to  them: 


i 


Sicam  roiisumption  from  tests,  lbs.  per  K.W.-hr.i  31 . 2 

Net  corrociion.  +3  .  80'  < 1.2 

0>rR-i  led  steam  consumption,  lbs.  per  K.W.-hr.|  32.4 


FalL 


0.9 
26.2  I  25.5  I  H'S 


25.2  I  24-5 
i.o       1.0 


a) 


1 


CHAPTER  XX. 

THE  TESTZIIG  OF  INJECTORS. 

377.  Genenl  Tbeoiy  cf  the  InstmmeiiL —  An  injector  is  an  appa- 
ratus in  which  a  jet  of  vapor  from  a  nozzle  strikes  upon,  and  is  con- 
densed by,  a  mass  of  Hquid,  with  the  result  that  the  combined  mass 
of  liquid  and  condensed  v^>or  gains  kinetic  cnerg}*  comparable 
with  that  which  a  similar  liquid  mass  would  gain  by  discharge 
through  a  nozzle  under  the  same  pressure  as  that  dri\-ing  the  \-apor 
jet._  The  imderhing  principle  which  makes  the  injector  possible 
is  that  the  velocity  of  discharge  of  a  gas  or  vapor  from  a  nozzle, 
under  a  certain  difference  of  pressures  through  the  nozzle,  is  con- 
siderably greater  than  the  corresponding  velocity  for  a  liquid  under 
the  same  pressure  conditions.  The  greater  \'elocit}'  for  the  gas 
or  vapor  arises  from  a  transformation  of  part  of  the  heat  energy* 
content  of  the  gas  or  vapor  into  mass-velodty  cnerg\\  a  trans- 
formation that  either  does  not  occur  at  all,  or  only  in  slight  amounts, 
fpp liqtiids.  This  extra  velocity  energ}*  of  the  \apt^r  then  lx>comes 
available  to  force  both  the  condensed  vajx)r  and  some  additional 
condensing  liquid  from  the  lower  to  the  higher  pressure.  The 
vapor  jet  and  the  condensing  liquid  may  be  ditieRMit  substana^s; 
in  practice,  however,  the  vapor  is  sieam  and  the  condensing  liquid 
water. 

The  necessary  i>arts  of  an  injector  are  three:  the  steam  nozzle, 
the  combining  tube,  and  the  deliver}-  tube.     See  Fig.  522. 

The  steam  nozzle  should  so  control  the  flow  of  the  steam  supplied, 
that  in  dropping  the  pressure  from  the  suj^ply  j^ressure  to  the 
pressure  of  the  combining  space,  the  steam  should  gain  the  maxi- 
mum possible  velocity;  that  is,  the  nozzle  expansion  should  be 
isentropic. 

The  pressure  in  the  combining  space,  the  lower  of  the  two  pres- 
sures between  which  the  nozzle  works,  cannot  be  lower  than,  and  for 

perfect  action  should  be  as  low  as,  the  vapor  pressure  d(»lennined 
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by  the  temperature  of  the  suction  water  entering  the  combining 
space.  This  definition  of  the  theoretical  pressure  in  the  combin- 
ing space  is  of  the  utmost  importance  in  the  determination  both 
of  the  efficiency  and  of  the  limits  of  operation  of  the  injector. 

In  the  combining  tube,  the  energy  exchange  of  velocities  bctwea 
water  and  steam  is  by  impact.     Hence  the  flows  of  water  and  steam, 
as  they  come  together,  should  be  as  nearly  as  possible  in  the  same 
direction;  any  cross  velocities  result  in  loss  of  efficiency  of  impact 
Low  efficiency  of  impact  means  that  the  kinetic  energj^  of  the 
steam  is  spent  in  heating  the  water  rather  than  in  gi\Tng  it  kinetic 
energy.     The  further  function  of  the  combining  tube  is  the  cwi- 
densation  of  the  steam  in  the  water.     The  steam,  in  the  usual  case 
of  being  initially  nearly  dry  and  saturated,  decreases  in  quality 
during  the  isentropic  expansion  in  the  steam  nozzle,  coming  from 
the  nozzle  some  lo  or  15  per  cent  wet.     The  condensation  is  not 
completely  linishcd  in  the  combining  tube.     It  cannot  be  complete 
until  sufficient  velocity  head  of  flow  is  changed  to  pressure  head 
that  the  pressure  equals  or  exceeds  the  boiling  pressure  corre- 
sponding to  the  temperature  of  the  fluid.     The  maximum  v^Iodly 
of  llow,  and  hence  the  lowest  pressure  head,  occurs  at  the  end  ol 
the  combining  tube  and  beginning  of  the  delivery  tube;  the  pressure 
necessarx'  for  complete  condensation  uf  the  steam  is  therefore  not 
attained   until  the  fluid  mass  is  part  way  through  the  delivoy  .I 
tul)e. 

The  function  of  the  delivery  tube  is  to  change  velocity  head  to 
j)rcssure  head.  The  fluid  enters  the  deUverj^  tube  with  veiy  lot 
])n'ssur('  and  \er>-  high  velocity  (see  the  pressure  and  velocity  Ar 
i:raiii<  in  Fig.  S--)\  J^  leaves  the  tube  vnth  pressure  equal  to  tte.'; 
i\\>y  haigr  i)ressure  and  almost  negligible  velocity.  In  the  delivoy 
tiihf.  a<  in  the  steam  nozzle,  the  first  condition  for  highest  m^ 
( lianiral  ilVicicucy  (lowest  friction  loss)  is  that  the  change  flf 
^(Hlii)n  area  along  the  lenjjth  of  the  tube  shall  be  such  as  togiw 
uiiiftirni  arcoleration  to  the  tluid  handled.  The  second  concfite 
IS  that  thr  tul)e  shall  l)e  as  short  as  possible  with  avoidance  4 
odrly  currents  in  the  stream:  this  reduces  skin  friction  toaiM 
imum.  As  explained  above,  the  completion  of  condensati<m<'^ 
su'am  occurs  in  the  delivers'  tube.  ^. 
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Fig.  $: 


DuoBAsi  OF  Injector. 


378.  Practical  Construction  and  Operation.  —  A  distinction  may 
be  made  between  injectors  proper,  which  arc  intended  to  discharge 
against  a  pressure  equal  to  or  greater  than  the  steam  pressure,  and 
ejectors,  discharging  against  a  lower  pressure  than  that  of  the  steam. 
Injectors  proper  handle  correspondingly  smaller  amounts  of  water 
than  do  ejectors. 

Injectors  now  on  the  market  may  be  classified  as: 

la.  Automatic  or  restarting,  when  the  mere  opening  of  the  steam 
valve  is  all  the  liandling  necessary  to  bring  the  instrument  into 
operation. 

lb.  Nonautomatic,  when  manipulation  of  steam,  water,  and 
overflow  valves  is  necessary  each  time  the  injector  is  started. 

2a  and  2&.  Singly  tube  or  double  tube,  depending  upon  whether 
the  instrument  has  between  the  suction'  and  discharge  ends  one 
single  set  of  steam  nozzle,  combining  tube,  and  delivery  tube,  or 
two  such  sets  in  series  with  each  other.  Each  type  may  be  auto- 
matic (2a)  or  nonautomatic  (26). 

3a  and  36,  Lifting  or  nonlifting,  according  as  the  instrument 
can,  in  starting,  pick  tq>  its  supply  water  through  an  appreciable 
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Fio.  516.  —  Adtohatic  LnrTTMG  EjtctOK. 

sure  of  the  exhaust  steam  and  the  pressure  against  which  th«' 
charge  must  go. 

5.  Nonautomatic  injectors  are  generally  more  or  ka  MAf 
sating,  through  possible  changes  in  relative  positiMis  rf'^ 
Double-tube  injectors  are  partially  compensating  1 
differentiation  of  functions. 
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Figs.  523,  524,  525  and  526  illustrate  various  forms  of  injectors. 
Fig.  525,  by  the  omission  of  the  ejector  nozzle  A  and  valve  J  and 
their  connecting  passages,  becomes  a  nonlif  ting  injector. 

379.  Efficiency  of  Injectors.  —  The  injector  may  be  considered  in 
two  ways :  as  a  mechanical  pump,  and  as  a  device  for  supplying  hot 
feed  water. 

Viewing  the  injector  merely  as  a  pump,  the  energy  input  is 
measured  by  the  weight  of  steam  supplied  in  unit  time  multiplied 
by  the  heat  energy  in  one  poimd  of  steam  above  32°  F.,  under  the 
observed  conditions.  The  output  is  measured  by  the  weight  of 
discharge  water  multiplied  by  the  total  head  through  which  it  is 
lifted.  In  this  view  of  its  operation  the  injector  is  analogous  to  a 
piston  steam  pump  which  condenses  its  exhaust  steam  in  its  suction 
water,  and  discharges  the  combined  mass  of  suction  water  and 
condensed  steam.  No  credit  is  here  given  the  injector  for  the 
fact  that  the  water  is  heated  as  well  as  moved. 

When  used  as  a  boiler-feeding  device,  or  as  a  pump  where  the 
heating  of  the  water  handled  is  an  object,  the  injector  must  be 
credited  with  both  the  pump  work  done  and  the  heating  effected. 
The  only  loss  is  then  the  so-called  "  radiation  loss  "  of  heat  from 
the  injector  and  its  piping,  as  all  friction  losses  in  the  flow  of  steam 
or  water  reappear  as  heat  in  the  discharge.  As  this  "  radiation  " 
is  quite  negligible  in  comparison  with  the  heat  quantities  in  the 
steam,  the  heat  efficiency  of  the  injector  is  very  nearly  100  per 
cent. 

Let  w  =  pounds  of  steam  supplied  per  unit  of  time. 

H  =  the  "  total  heat ''  per  pound  of  such  steam  as  supplied 
=  XT  +  q  or  \  +  CpD, 
V  =  velocity  of  the  steam,  ft.  per  sec,  at  the  point  where  H 
is  determined. 
h„  =  distance  from  injector  to  center  of  steam  gauge.     See 
Fig.  527. 
/=  the  mechanical  equivalent  of  heat  =  777.5- 

Then  the  total  energy  supplied  to  the  injector  in  steam  in  unit 
time  is 

wH  +  -T^  +  — iB.tu.,  (i) 

J  2gJ 
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or  uHJ  +  'd,h^  -r  =^ ft.-Ihs.  (:: 

Let  W  =  the  ]x>unds  of  suction  water  in  unit  tinie. 

p^  =  the  absolute  vapor  pressure  in  lbs.  per  sq.  in.  axT^ 

^x>nding  to  the  suction  water  tenq^erature. 
p^  =  the  discharge  pressure,  lbs.  per  sq.  in.  abs. 
hi  =  the  head  in  ft.,  down  to  the  injectcx-,  from  the  cent? 

of  the  discharge  gauge.    See  Fig.  527. 
p^  —  the  suction  pressure,  lbs.  per  sq.  in.  abs. 
A«  =  the  head  in  ft.,  from  injector  down  to  the  center  of 

the  suction  gauge.    Sec  Fig.  527. 
V  =  the  discharge  velocity,  ft.  per  sec,  at  pcMnt  where  p^ 

is  measured. 
3  =  the  density  of  the  discharge  water  in  lbs.  per  cu.  ft 

Then  useful  work  done  in  lifting  suction  water  is 

w{k+  Arf  +  —  +  ^^-=-^ .  i44)ft,4bs.  in  nnit  time,     (3) 
and  useful  work  done  in  lifting  ccmdensed  steam  is 

.     Wa^H h^^^^=-^.i44)ft.-Ihs.  in  unit  time.  (4) 

Note  that  in  these  equations  ^4,  p^  and  p^  are  eiq>ressed  in  pounds 
per  square  inch  absolute. 

The  pump  efficiency  of  the  injector  k  the  sum  of  (3)  and  '4; 
di\"ided  by  (21.  or 

-L LS « 2 L 11 «__i.  (J) 

Let  (/.  =  the  sensible  heat  of  water  at  the  suction  temperature. 
qi  =  the  sensible  heat  of  water  at  the  discharge  temperature. 

Then  the  heat  accounted  for  already  in  the  suction  water  is  H'j^ 
the  heat  accounie<d  for  in  discharge  is  (Fr  +  ic)}^.  The  differ- 
ence is  II'  -r  .:  iji  -  Wq,.  Xote  that  this  heat  increase  indudesal 
the  mechanical  fnction  losses,  such  as  frictioQ  head  losses  in  sur 
tion  and  discharge,  and  impact  losses  in  the  injector.    If  the  ii 
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jector  be  credited  with  this  heat  gain  as  well  as  with  the  useful  me- 
chanical work  done,  we  have  as  the  hecU  efficiency  of  the  injector 


wHJ-^whw-{ 


wr^ 


(6) 


2« 


In  the  above  equations,  as  circumstances  change,  various  quan- 
tities may  become  negligibly  small.  The  one  quantity  which  will 
almost  always  be  negUgible  is  the  term  wh„  in  the  denominators 
of  Eqs.  (5)  and  (6). 

Equation  (6)  should  give  practically  100  per  cent.  The  magnitude 
of  the  "  radiation  "  loss  from  an  injector  and  its  piping  should  be 
of  the  order  of  o.i  to  0.5  of  one  per  cent  of  the  heat  supplied  in 
the  steam. 

380.  Testing  of  Injectors. — One  type  of  testing  apparatus  is  shown 
in  diagram  in  Fig.  527.   It  is  based  upon  one  designed  and  described 


Fig.  527. — Apparatus  por  Testing  Injectors. 

by  Schiauff  in  the  Zeiischrifi  des   Vereines  deutchser  Ingenieurey 
some  modifications  being  made.    The  idea  is  to  have  continuous 
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to  compute  w  from  the  observed  value  of  W  by  means  of  Eq.  (6), 
on  the  assumption  that  heat  eflEiciency  =  100  per  cent. 

The  mdependent  variables  entering  into  the  mjector  operation 
are: 

(i)  Steam  pressure  and  heat  content  of  steam. 

(2)  Suction  pressure. 

(3)  Suction  temperature. 

(4)  Discharge  pressure. 

When  an  injector  is  used  as  a  boiler  feeder  (i)  and  (4)  are  equal; 
more  precisely,  (4)  just  exceeds  (i). 

An  injector  test  should  include  the  following  runs: 

1.  With  suction  pressure  and  temperature  constant  at  average 
values,  take  a  series  of  steam  pressures  and  for  each  steam  pressure 
vary  the  discharge  pressure  from  the  lowest  to  the  highest  under 
which  the  injector  will  operate.  Between  the  lowest  and  highest 
discharge  pressure  for  each  steam  pressure,  choose  three  or  four 
other  discharge  pressures  in  a  series  in  order  to  obtain  five  or  six 
pwints  for  a  curve. 

2.  With  steam  and  discharge  pressures  adjusted  at  any  desired 
points  (usually  taken  as  the  pressures  of  regular  ordinary  operation), 
and  for  an  average  suction  lift  or  pressure,  make  runs  with  a 
series  of  temperatures  of  suction  water,  continuing  to  increase  the 
temperature  until  the  injector  "  breaks,''  that  is,  refuses  to  operate, 
the  discharge  either  going  out  of  the  overflow  or  the  steam  blow- 
ing down  the  suction  pipe.  Make  sufficient  runs  to  determine  a 
curve. 

3.  With  the  same  steam  and  discharge  pressures  as  under  2,  and 
with  an  average  suction  temperature,  make  a  series  of  runs  with 
varying  suction  lifts  or  pressures,  increasing  the  lift  until  the  injector 
breaks. 

Of  the  following  forms,  the  first  may  be  used  for  recording  the 
observations,  the  second  shows  the  principal  data  that  should  be 
reported,  together  with  the  items  to  be  obtained  by  computation. 

The  best  method  to  show  the  limits  of  operation  of  the  injector, 
efficiency,  etc.,  is  to  plot  certain  curves.  The  most  useful  of  these 
are  the  following: 


SsS 
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[a]  For  the  suction  pressure  and  temperature  under  (i)  above, 
plot  as  absdssse  steam  pressures,  and  as  ordinates 

1.  Values  of  w, 

2.  Values  of  I(\  maximum  and  minimum,  or 

3.  value.  ..  ^.  ^™.  ^  ^^  aUo 

4.  Values  of  maximum  discharge  pressure,  and 

5.  \'alues  of  minimum  discharge  pressure. 

DEP.\RTMEXT  OF  EXPERIMENTAL  ENGINEERING,  SIBLEY 

COLLEGE. 
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MECHANICAL  LABORATORY,  SIBLEY  COLLEGE,  CORNELL 

UNIVERSITY. 


DATA  AND  RESULTS  OF  INJECTOR  TEST. 

Test  of Injector       Dale 

Vertical  Distance  from  Injector  to  Center  Made  by 

of  Steam  gauge  —  hw  ft 

Vertical  Distance  from  Injector  to  Center  

of  Discharge  gauge  ^  kd                             ft Barometer  Reading 

Vertical  Distance  from  Injector  to  Center 
of  Suction  Gauge  =  k%  ft 


191 


Run  No. 


Duration  of  test,  minutes 

Boiler  pressure,  by  gauge 

Steam  pressure  on  injector,  by  gauge. . . 

Steam  pressure  on  injector,  absolute . . , 

Suction  pressure,  by  gauge 

Suction  pressure,  absolute,  «^«  

Discharge  pressure,  bv  gauge 

Discharge  pressure,  aosolute,  ^  Pd 

Pressure  corresponding  to  suction  water 
temp.,  absolute,  =^c 

Total  discharge  head  in  feet 

Total  suction  head  in  feet 

Steam  supplied  per  hour»v; 

Suction  water  per  ha\xi—W 

Ratio  Pr-M£; 

Velocity  of  steam  at  point  where  pres- 
sure is  measured,  ft.,  per  sec,  ^v.... 

Velocity  of  discharge  at  point  where  pres- 
sure is  measured,  ft.,  per  sec,  »  K 

Density  of  discharge  water,  lbs.  per  cu. 
ft.  =3 

Quality  of  steam,  moisture,  or  superheat 

Sensible  heat  of  water  at  suction  temp., 
B.t.u.,  =9« 

Sensible  heat  of  water  at  discharge  temp., 
B.t.u.,  ^qd 

Total  heat  per  pound  of  steam  supplied, 
B.t.u.,  H 

Total   energy   supplied   to  injector  per 
hour,  B.t.u 

Total  energy  supplied   to  injector   per 
hour,  ft.-Tbs 

Useful  work  done  in  lifting  suction  water, 
B.t.u 


Useful  work  done  in  lifting  suction  water, 
ft.-lbs 

Useful  work  done  in  lifting  cond.  steam, 
B.tu 


Useful  work  done  in  lifting  cond.  steam, 

ft.-lbs 

Pump  efficiency  of  injector,  per  cent 

Heat  efficiency  of  injector,  per  cent 
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{b)  With  steam  and  suction  pressures  constant  at  the  probable 
working  values,  plot  as  absdssse  suction  temperatures,  ordinates 
same  as  imder  (a). 

(c)  With  steam  pressure  and  suction  temperature  constant  at 
the  probable  working  values,  plot  as  abscissas  suction  pressures, 
ordinates  same  as  under  (a). 

If  all  of  the  curves  listed  above  should  be  determined  and  plotted, 
they  would  show  the  operation  of  the  instrument  in  so  complete 
a  fashion  as  to  answer  any  of  the  questions  which  would  be  likely 
to  arise  in  any  conunerdal  practice. 

An  injector  is  peculiarly  sensitive  to  variation  of  suction  temper- 
ature. This  sensitiveness  will  be  explained  by  considering  the  heat 
energy  available  in  isentropic  drop  from  the  initial  condition  of  the 
steam  to  the  vapor  pressure  corresponding  to  the  temperature  of 
the  suction  water.  It  will  be  found  that  the  available  heat  energ>' 
falls  very  rapidly  as  the  suction  temperature  rises. 


CHAPTER  XXI. 

GAS  ENGINES  AND  GAS  PRODUCERS. 

381.  Types  of  Gas  Engines.  —  All  gas  engines  belong  to  the  class 
of  internal  combustion  engines.  (See  introductory  paragraph, 
Chap.  XXn.)  Without  reference  to  any  types  that  may  have  been 
tried  and  abandoned  during  the  past,  we,  at  the  present  day,  dis- 
tinguish only  two  fundamentally  different  types  of  internal  com- 
bustion engines.  The  distinction  is  based  upon  how  the  combus- 
tion proceeds,  whether  at  constant  volume  or  at  constant  pressure, 
and  we  therefore  have,  as  a  primary  classification,  constant  volume 
and  constant  pressure  engines. 

In  engines  operating  upon  the  constant  volume  cycle,  the  com- 
bustible charge  is  compressed  and  then  exploded  at  the  inner  dead 
center  position  of  the  piston.  This  results  in  practically  constant 
volume  combustion.    The  cycle  is  completed  by  the  expansion 
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1 

Fig.  528.  —  Typical  4-cycle  Diagram. 

stroke  following,  the  burned  gases  being  discharged  after  the  open- 
ing of  the  exhaust  valve,  largely  at  constant  volume.  This  is 
the  theoretical  cycle,  which,  from  the  inventor  who  first  applied 

it  successfully  in  commerce,  is  also  called  the  Otto  cycle.    For  the 
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id  discharging  the  cylinder.  We  distinguish  accord- 
and  2-cycle  engines.  The  terms  foUr-stroke  cycle 
5  cycle  engines  would  be  more  strictly  correct,  but 
rsome,  hence  the  shorter  designation, 
ginesy  the  charging  and  discharging  actions  are  carried 
le  cylinder  itself ,  the  latter  acting  as  a  pump  for  two 
528  shows  a  conventional  4-cyde  indicator  diagram, 
of  the  diagram,  the  so-called  lower  loop,  being  some- 
ed  for  the  sake  of  clearness.  The  strokes  are  marked 
ike  I  is  the  sucHon  stroke,  the  piston  on  its  outstrokc 
new  charge  behind  it.  Stroke  2  is  the  compression 
e  end  of  this  instroke  the  charge  is  exploded,  the 
sing  at  constant  volume.  Stroke  3  is  the  expansion 
he  end  of  this  stroke  the  exhaust  valve  opens  and 
nstroke,  the  exhaust  stroke,  the  piston  drives  the 
>ut  ahead  of  itself,  after  which  stroke  i  is  repeated, 
ding  valve  movement  may  be  studied  by  aid  of 

engine,  the  suction  and  exhaust  strokes  of  the  4-cycle 
inated,  the  cylinder  being  charged  with  fresh  mixture 
burned  gases  by  agencies  other  than  the  action  of 
on  of  the  eng^e.     The  power  cycle  is  complete 


Flc.  530. — Typical  2-cycle  Diagram. 

ind  there  is  no  lower  loop  to  the  diagram,  the  work 
i  discharging  represented  by  the  loop  area  being 
de  pump  of  one  type  or  another.  Fig.  530  shows  the 
liagraxn.    The  mixture,  compressed  by  the  instroke 
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of  the  piston,  is  ignited  at  point  a.  Expansion  takes  place  from  b 
to  c.  At  c  the  exhaust  ports  open  and  the  pressure  droj>s  rapadly 
to  nearly  atmosphere.  Soon  after  point  c  is  passed,  the  inlet  val\-e 
opens  and  fresh  mixture  is  forced  in  by  the  outside  pump.  At  d 
the  piston  starts  to  return,  and  at  e  the  exhaust  port  and  inlet  val\*e 
close;  compression  then  begins.    The  charging  and   discharging 


Pump 


Ihimp 


Tort. 


Fit..  531. — Operation*  of  2-cycle  Ekgixe. 

aciiiMis  evidently  lake  place  while  the  power  piston  is  mo\'ing  from 
i  around  J  to  c.  The  burned  gases  escape  partly  by  their  <»wn 
oxjwnsion  while  the  rest  is  forced  out  by  the  fresh  mixture  coming: 
in.  It  is  ovivient  that  the  exhaust  ports  must  close,  whatever  design 
oi  i]\loi  ar.d  exhaust  ]>orts  is  used,  before  the  combustible  miit-*ire 
roaches  tiie  exhaust  ports.  Othenvise  there  wiU  be  a  serious  kijsS 
of  tuo!. 

A  conventional  sketch  of  a  t\pe  example  of  such  an  engine  is 
shown  in  Fig.  531.    It  consists  of  a  power  c>'liiider  with  separate 
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lose  crank  leads  the  main  crank  by  a  certain 
«  about  90  degrees). 

tch  the  mixture  is  just  being  exploded  and  the 

outstroke  (point  a,  F]ig.  530).    In  the  meantime 

•  is  drawing  in  the  next  charge.    In  the  lower 

iston  has  opened  the  exhaust  ports  (point  c  in 

Lses  have  largely  escaped,  and  the  charging  pump 

)n  its  instroke,  is  forcing  a  new  charge  into  the 

ier  some  slight  compression.    When  the  power 

n,  closes  the  exhaust  ports  and  the  inlet  valve 

closes,  compression  begins  (point  e  in  Fig.  530). 

y  all  medium  or  large  sized  2-cycle  engines  are 

pumps  as  described.     In  some  cases,  to  cheapen 

or  to  make  it  more  compact,  the  front  end  of  the 

enclosed,  thus  converting  that  end  into  a  charging 

/ariety  of  small,  vertical,  2-cycle  engines  are  built 

re  crank  mechanism  together  with  the  lower  end 

re  enclosed,  and  this  space  is  used  as  a  charging 

all  2-cyde  marine  engines  are  constructed  in  this 

f  the  latter  modifications  the  power  piston  also 

piston,  but  not  in  the  power  end  of  the  cylinder. 

aercial  example  of  the  constant-volume  engine  is 

operation  is  very  similar  to  that  described  above 

volume  type.     The  diflference  is  that  only  air  is 

lat  to  the  maximum  pressure  existing  in  the  cycle. 

the  inner  dead  center,  the  liquid  fuel,  which  is 

Qjected  into  this  body  of  air,  highly  heated  by 

iC  result  is  combustion  at  practically  constant 

fuel  valve  cuts  off.     Then  follow  expansion  and 

;ular  manner. 

;  referred  to  Chap.  XVI,  for  type  examples  of 
iagrams  from  gas  and  oil  engines. 
ty  be  made  single  or  double  acting.  In  a  double- 
each  cylinder  end  is  used  for  power  development, 
iuilt  with  piston  rod,  crosshead,  and  connecting 
n  engine.  In  this  design,  a  2-cycle  engine  will 
J  every  stroke,  just  like  a  steam  engine. 
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gasoline,  while  kerosene,  the  so-called  distillates,  and  crude  oils 
belong  to  the  latter  class.  Alcohol  holds  a  somewhat  intermediate 
position.  The  distinction  between  the  two  classes  is  not  very 
sharply  defined.  Generally  it  is  stated  that  the  light  liquids  can 
be  successfully  converted  into  fuel  gas  or  vapor  without  the  agency 
of  heat,  while  the  class  of  heavy  liquid  fuels  usually  requires  heat. 
The  use  or  nonuse  of  heat  is  apparently  also  the  distinguishing 
mark  between  carburetors  and  vaporizers.  Thus  the  apparatus 
used  for  the  formation  of  the  fuel  gas  in  the  case  of  gasoline  is  called 
a  carburetor,  the  air  merely  passing  through  and  taking  up  a 
sufficient  quantity  of  the  volatile  liquid.  In  the  case  of  alcohol, 
kerosene,  or  crude  oil,  this  simple  scheme  is  not  applicable,  these 
liquids  not  being  sufficiently  volatile  at  ordinary  temperatures  to 
form  a  combustible  mixture  with  the  air  passing  through  the  appa- 
ratus. It  is  necessary  to  apply  heat  to  hasten  volatilization  (vapor- 
ization) and  the  apparatus  used  is  then  known  as  a  vaporizer. 

It  is  true  that  in  some  engines  any  of  the  liquids  above  mentioned 
are  atomized  or  sprayed  directly  into  the  engine  cylinder  without 
first  going  through  the  process  of  volatilizing  or  vaporizing.  It 
will  generally  be  found  upon  examination,  however,  that  (except 
j>erhaps  in  the  case  of  the  constant-pressure  engines,  like  the  Diesel) 
the  fuel  is  sprayed  into  the  cylinder  at  such  a  part  of  the  cycle  that 
sufficient  time  is  available  for  the  finely-divided  oil  "  fog  "  floating 
in  the  charge  of  air  to  vaporize  largely  before  ignition  takes  place. 

The  solid  fuels y  such  as  wood,  peat,  lignite,  coke,  and  the  various 
classes  of  coal,  are  gasified  in  producers,  as  has  been  already  men- 
tioned. The  manufacture  of  producer  gas  has  grown  to  be  of 
great  economic  importance,  so  that  the  principles  underlying  the 
process  merit  some  detailed  discussion. 

383.  Producer  Gas.  —  Producer  gas  is  a  composite  gas  consisting 
mainly  of  CO,  H2,  CQ2,  N2,  and  certain  other  gases  resulting  from 
the  distillation  of  the  green  fuel  used.  The  producer-gas  process 
is  essentially  a  combination  of  the  air-  and  water-gas  processes.  In 
the  former,  a  fuel  column  is  supplied  with  air  alone  under  certain 
conditions  of  control,  and  the  resulting  gas  consists  of  CO,  CO2,  and 
N2.  In  the  water-gas  process,  water  vapor  (steam)  alone  is  forced 
through  a  fuel  column  which  has  been  previously  made  incandes- 


848  EXPERIMENTAL  ENGINEERING 

cent  by  blowing  air  through  it.  The  result  is  a  gas  consisting  of 
CO,  CO2,  and  H2.  The  reactions  occurring  during  the  time  that 
water  gas  is  being  made  absorb  heat,  and  the  process  is  combined 
with  a  continual  cooling  of  the  generator  contents.  The  process 
of  making  water  gas  is  consequently  intermittent,  a  blowing  period 
(with  air,  making  air  gas),  alternating  with  a  period  of  water  gas 
make  (blowing  with  steam).  Combining  these  two  jjeriods,  that  is. 
blowing  with  a  mixture  of  air  and  water  vapor,  makes  the  process 
continuous,  and  constitutes  our  modem  producer-gas  process. 

The  chemical  reactions  involved  in  the  making  of  producer  gas 
and  the  thermal  relations  existing  are  outlined  by  Fischer,*  as 
follows.  The  quantities  of  heat  given  in  each  equation  assume  thai 
one  pound  of  carbon  enters  the  reaction  instead  of  stating  the  heat 
on  the  molecular  weight  basis,  as  is  generally  done  in  scientific 
works.  The  algebraic  sign  preceding  the  quantity  of  heat  states 
whether  heat  is  developed  (plus  sign)  or  absorbed  (minus  sign), 
that  is,  whether  the  reaction  is  exothermic  or  endothermic. 

The  first  reaction  occurring  in  the  producer  is  probably  the 
formation  of  CO2  from  the  C  in  the  fuel  and  the  free  oxygen  of  the 
air,  according  to  the  equation 

C2  +  2  O2  =  2  CO2  +  14,540  B.t.u.  (i' 

The  development  of  heat  indicated  in  (i)  serves  to  render  the  fuel 
incandescent,  so  that  with  water  vapor  we  next  obtain  the  reaction> 

C2  +  4  H2O  =  2  CO2  +  4  H2  -  2848  B.t.u.,  (2) 

and  C2  +  2  CO2  =  4  CO  -  5780  B.t.u.  (31 

Both  of  these  reactions  are  endothermic  and  require  a  temp)erature 
of  about  1500°  F.  Equations  (i)  and  (3)  result  in  the  indirect 
formation  of  CO.  Combining  these  equations  by  addition  to 
obtain  a  direct  expression  for  this  end  result,  we  may  write 

C2  +  O2  =  2  CO  +  4380  B.t.u.  (4) 

Similarly,  a  combination  of  equations  (2)  and  (3)  gives 

C2  +  2  H2O  =  2  Ho  +  2  CO  -  4316  B.t.u.  (5) 

*  Fischer,  Kraftgas,  Seine  Herstellimg  &  BeurteOung. 
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Xf  there  were  no  losses  of  heat,  the  ideal  producer-gas  process  would 
then  be  a  combination  of  equation  (4)  (ideal  air-gas  process) 
and  equation  (5)  (ideal  water-gas  process),  which  may  be  written 

2  C  +  Q2  +  2  H2O  =  4  CO  +  2  H2.  (I) 

Since  the  oxygen  in  (4)  is  obtained  from  air,  a  certain  amount  of 
nitrogen  (N2)  will  also  apj)ear  in  both  sides  of  equation  (I).  The 
composition,  volume,  and  weight  of  the  resulting  gas  per  pound  of 
C  consumed  is  shown  in  the  following  table.  To  obtain  volumes, 
the  weights  of  the  various  gases  per  cubic  foot  at  14.7  pounds  and 
32°  F.  have  been  used. 


Weights  Involved  in  Eq.  I. 

Vol.  of  Producer 

Gas,  Cu.  Ft.  per 

Lb.  of  C. 

Composition  of  Gas. 

Left  Side. 

Right  Side. 

Per  Cent  by 
Weight. 

Per  Cent  by 
Volume. 

c, 

I.OO 

.66 

2.23 

•75 

^^* 

Oi 

■^^J  .......... 

Na 

2.230 

28.4 

48.0 

38.9 

HjO 

CO   

2.330 
•083 

4.643 

29.8 
14-8 

73  0 

50.2 
1.8 

lOO.O 

41.0 
20. 1 

Hi 

100. 0 

In  practice,  however,  a  large  part  of  the  sensible  heat  developed 
by  equation  (4)  is  lost  instead  of  being  used  to  make  up  the  deficiency 
shown  in  equation  (5).  Hence,  if  any  given  temperature  level  is  to 
be  maintained  in  the  producer,  the  reaction  represented  by  equa- 
tion (4)  must  occur  several  times  as  rapidly  in  the  same  time  as 
the  one  represented  by  equation  (5).  Assuming,  for  instance,  that 
only  1500  B.t.u.  of  the  4380  in  equation  (4)  are  actually  utilized,  it 
is  evident  that  (4)  must  occur  about  three  times  as  often  as  (5)  in 
the  same  time.  The  producer-gas  process  can  then  be  represented 
by  the  equations 

C2  +  2  H2O  =  2  H2+  2  CO  -  4316  B.t.u. 
3C2  +  302=6CO+  13,140  B.t.u. 
or  4C2  +  3O2  +  2  H2O  =  8  CO  +  2  H2  +  8824  B.t.u.        (II) 

If  it  is  next  assumed  that  the  decomposition  of  the  water  vapor 
takes  place  solely  according  to  equation  (2),  then,  again  assuming 
that  only  1500  B.t.u.  of  the  heat  developed  in  equation  (4)  is  utilized, 
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►wever,  distinguish  the  two  main  types  of  pro- 
:  former  being  called  a  pressure-gas ,  the  latter  a 


ion. 


tnt  requires  a  closed  ash  pit,  and  the  gas  is  forced 
Izer,  or  preheater,  and  through  a  washing  appa- 
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•  532. — Smple  Type  of  Gas  Producer. 

older.    The  pressure  is  produced  in  various  ways, 

5  of  a  steam  blower.    The  essential  parts  of  such 

L  in  Fig.  533.*    B  is  the  generator  with  the  filling 

ir  imder  some  pressure,  furnished  by  the  blower 

I  pit  by  first  passing  through  vaporizer  (or  econ- 

proper  quantity  of  water  is  supplied   to  this 

the  funnel  F,    The  heat  of  the  producer  gas 

through  »,  vaporizes  the  water  and  the  vapor  is 

ir  passing  on  its  way  to  the  ash  pit.     The  partly- 

s  the  scrubber  G  through   IF,  passing  upward 

die  next  three  figures  are  due  to  Fischer,  Kraftgas. 
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Fig.  S33. — PRESStTiE-OAS  Plant. 


Fig.  S34.  — SumoN-oAS  Plant. 
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through  a  coke  column.  The  washing  is  done  in  G  by  water  sprays 
passing  downward  against  the  ascending  gas  column.  -4  is  a  puige 
pipe  through  which  the  poor  gas  made  while  the  producer  is  being 
put  into  service  is  allowed  to  escape.  The  gas  receives  a  final 
cleaning  and  drying  in  the  purifier  5,  the  trays  of  which  carry 
either  sawdust  or  excelsior,  before  being  sent  to  the  gas  holder 
through  H, 

The  main  parts  of  a  suction-gas  plant  are  shown  in  Fig.  534.  Here 
b  is  the  producer  with  its  filling  hopper  a.  The  vaporizer  c  is  a 
hollow  casting  surrounding  the  top  of  the  producer.  As  the  piston 
of  the  engine  cylinder  makes  an  outward  (suction)  stroke,  it  creates 
a  vacuum  of  several  inches  in  the  small  receiver  m.  This  causes 
a  flow  of  gas  toward  the  engine  through  seal-box  /,  scrubber  ^, 
and  pipe  g,  and  the  difference  of  pressure  thus  produced  between 
g  and  ash  pit  /  causes  a  rush  of  air-steam  mixture  through  the  fuel 
colunm.  The  air  enters  the  vaporizer  through  the  regulating  valve 
d',  saturates  itself  in  passing  through  c,  and  finds  its  way  through  d 
into/;  e  is  an  auxiliary  air-supply  valve  to  regulate  the  proportion 
of  air  to  water  vapor;  h  is  the  purge  pipe  and  i  a  double- throw 
valve;  n  is  a  "  wire  brush  "  cleaning  box  which  serves  to  remove 
the  last  traces  of  tar  that  the  gas  may  carry. 

In  gas-engine  practice,  the  suction-gas  plant  has  largely  sup- 
planted the  pressure-gas  installation,  the  main  reasons  being  the 
smaller  cost  of  installation,  on  account  of  the  absence  of  the  gas 
holder,  and  the  fact  that  the  regulation  of  the  gas  made  in  the  suc- 
tion-gas plant  is  automatic,  the  quantity  made  varying  directly 
with  the  demands  of  the  engine. 

There  are  so-called  "combination''  plants.  If,  for  instance,  in 
Fig.  533  the  blower  V  were  removed  and  an  exhauster  had  been  in- 
stalled at  H,  between  the  purifier  and  the  gas  holder,  the  installa- 
tion up  to  the  exhauster  would  evidently  be  of  the  suction  type, 
while  the  gas  beyond  the  exhauster  would  be  under  some  pressure. 

Producers  are  also  classified  according  to  the  kind  of  fuel  burned, 
and  among  the  gases  made  we  have  anthracite-producer  gas,  bitu- 
minous-producer gas,  peat  gas,  wood  gas,  oil  gas,  etc.  Of  course, 
for  any  given  fuel,  the  plant  may  be  either  a  pressure,  a  suction, 
or  a  combination  gas  plant,  but  in  some  cases  the  producers 
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tfaemseives  show  rsaicai  imerences  in  deaen.  iepamns  ixd.  ::« 
fuel  used.  Thes£  cinerences  io  ie^ga  are 
that  3ome  of  ±e  fueis  pmduce  tar-fanmn^  gases  to  aoca  13.  i^-^ 
that  the  oniinan-  acrobbinz  a^garatas  is  not  .Tipgni*-  ot  prcsoh 
cleaning  the  zas  for  t^^f  xr.-ixx.  Tbe  t^pes  oi  pnxtoces  ihc-n 
described  will  do  very  well  for  anthnuite  coal,  a  fuel  -rnvkh  arsa 
\-er\'  little  tar-fonning  gas  aioativ  iyrirocarbQiis  :  and  the  yaa-j  a 
distillation  j'^rapigg  trom.  t^"*  girni  itiei  anH  wiiicli  aj^ri  thensd^s 
to  the  rest  of  the  producer  gas.  thcefoic  cause  Imie  trooblc  Tk 
same  is  not  tme.  howevo-.  of  binnniiuRis  cdbL  and  in  that  ax 
qtecial  precautioDs  must  be  rilrift  to  get  a  aat^actory  ga<  Tbt 
way  usuaOy  chosui  is  to  collect  the  gases  oi  distiOatioQ  &ain  tiie 
green  fuel  and  to  "  nz  **  these  gases,  that  is.  id  rend^  rtwrri  pa- 
manent  in  aome  manner.  This  has  led  to  the  Ar^^  d  ''  (knn- 
draft  "  and  "  doubie-zone  '*  and  "  ring  "    aeries   [STxiuccis. 

The  principle  involved  is  periiaps  best  understood  by  stm]>iiig 
the  series  producer.  Fig.  535.     Two  prodnceis.  Gi  aad  d.  are  cod- 


1 


nected  as  iho^ar..  In  d  the  fuel  used  is  bituminous  coal,  in  G- 
it  i.i  arithricite  or  cose.  The  gas  in  the  conuectiiig  pipe  y  carries 
thf:  tarn-  sa-^ei  resulting  from  the  distillation  in  d,and  the  entire 
h'.'i/  'A  ■zi-.s  \i  ma-Je  to  pass  uptrard  through  the  column  of  incan- 
<lt;nr.eiit  coKC  Li  G-.     An.  auiiliarj"  air  siq^Iy  is  furnished  throu^ 
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Eases  are  either  burned  to  HjO  and  CO*  near  the 
on,  or  certain  reactions  take  place,  the  final  prod- 
1  CO.  These  are,  of  course,  permanent  gases  and 
'  deposit  is  avoided. 

raft  producer  the  operation  b  very  similar  to  that 
except  that  only  one  producer  is  used.  The  air- 
.  sent  in  at  the  top,  under  the  filling  hopper  and 
UiTOUgh  the  fuel 


DOCBLE-ZONE  Produceb. 

air  enters  at  a,  saturates  itself  in  passing  through 
I  finds  its  way  through  b  to  the  ash  pit,  maintaining 
B  over  the  grate.    The  gas  made  passes  out  at  c. 
pply  is  maintained  by  coked  fuel  which  passes  by 
consumed  in  the  upper  zone, 
y  modifications  of  the  design  described,  for  which 
be  referred  to  special  books  on  the  subject. 
iating  to  Gases,  Fuels,  etc.,  Generally  Used  in 
tatlons  on  Gas  Producers  and  Gas  Engines. 
ight,  Density,  Specific  Weight  and  Volume.     Stand- 
—  The  density  A  of  a  gas  is  generally  referred  to 

and  is  defined  as  the  weight  of  a  certain  volume  of 
ed  by  the  weight  of  an  equal  volume  of  pure,  dry 
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air,  the  temperature  and  pressure  conditions,  of  coxirse,  being  the 
same.  The  weight  of  a  cubic  foot  of  any  gas  is  designated  by  h. 
and,  if  the  conditions  are  standard  (14.7°  pressure  f)er  sq.  in.  and 
32°  F.),  is  called  the  specific  weight  5o.  Since  one  cubic  foot  of 
dry  air  under  these  conditions  weighs  0.08071  poiuid,  we  have 
the  following  relation  between  specific  weight  and  density. 

50=0.08071  A.  (61 

The  specific  volume,  »,  of  any  gas,  that  is,   the  number  of 

cubic  feet  per  pound,  is,  of  course,  =  ->  and  if  the  conditions  are 

0 

standard 

do 

The  table  below  gives  the  values  of  60  and  Vq  for  a  series  of  gases, 
but  they  may  also  be  computed  from  the  following  relations.  From 
the  general  gas  law  Pv  =  RT,  we  have 

1      RT 

Now  for  standard  conditions,  T =459.6+32  =491.6®,  and  ^  =  2117 
pounds  per  square  foot.     Hence 

I       492  R          R  r.  ,  , 

^0  =  r  =     —  = 7  cu.  ft.  (q1 

5o        2117        4.300 
We  may  also  derive  from  Avogadro's  law  that 


5o  =  — r  lbs.  per  cu.  ft.  (10 

358 


where  m  =  the  molecular  weight  of  the  gas. 
Example.  —  The  molecular  weight  of  CO,  =  44.    Hence 

5o  =      Q  =  .1229  lb.  per  cu.  ft., 


I  I 


and  Vq  =      = =  8.14  cubic  feet.     Or,  since  R  =  34.89  for  this  gas  (see 

5o         .12  20 

table  below),  we  will  also  have 

vo  = T  =  "^     ;■  =  8.10  cu.  ft. 

4.306      4.306 

The  agreement  is  close  enough  for  all  practical  purposes. 
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Since  the  volume  of  any  given  weight  of  gas  is  a  function  of  both 
pressure  and  temperature,  all  gas  volumes  should  be  reduced  to 
some  standard  set  of  conditions,  in  order  to  obtain  a  comparable 
basis.  The  conditions  usually  assumed  are  14.7  poimds  pressure 
per  square  inch  and  32°  F.,  although  in  view  of  the  fact  that  32° 
is  an  unusual  temperature,  some  authorities  have  proposed  to 
use  60°  F.  Volume  varies  inversely  with  absolute  pressure  and 
directly  with  absolute  temperature.  Consequently  if  F  is  the 
volume  of  gas  under  an  absolute  pressure  of  P  poimds  per  square 
inch  and  an  absolute  temperature  of  T  degrees  F.,  the  volume  Fo 
under  standard  conditions  will  be 

K,.K.-^.452±i?.33.48fKcu.tt.  (..) 

14.7  i  I 

Where  engine  guarantees  are  based  upon  cubic  feet  of  gas  used, 
the  matter  of  reaching  an  understanding  as  to  pressure  and  temper- 
ature is  of  importance.  The  latter  evidently  control  the  weight  of 
the  number  of  cubic  feet  of  gas  guaranteed.  Engine  performance 
is  a  function  of  charge  weight,  not  charge  volume,  and  of  heat 
content  of  the  charge,  and  these  factors  are  largely  controlled  by 
pressure  and  temperature. 


ii  - 


i 


u 


Hydrogen 

Oxygen 

Nitrogen 

Carbon  monoxide. , 

Carbon  dioxide 

Dry  air 

Water  v^ur 

Acetylene 

*  Metnane 

Ethylene 


07 'S 
0  0446 
0.0781 


•  Suffidenll!'  ucunle  tor  mort  engiuMiiiig 

1  That  GcuRian  [or  the  »-ciJ]ed  "nitrogen"  of  Lhe  il 

roluDC  ai  the  \tayy  In"!  gu  "argon." 

t  An  cquivHlent  value  olln  UKful  in  compuUtions. 

langiaiukdeTituidirdGonditioaa;  Atwmc  weight  —  la,  A 
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Higher  heating  value,  per  cubic  foot, 

-  1(345  X  .4»5)  -f-  (1067  X  .35)  +  (342  X  .07)  -f  (1685  X  .045)]  =  640B.LU. 
Theoretical  air  required  for  combustion,  per  cubic  foot, 
r,07  -f  .485  ^  (^  ^  ^^)  ^  (3  ^  ^^)  _  ^^  n 

-  ^ ==•  =5.28  cu.  ft 

.21  • 

Air  actually  supplieii  -  1.5  x  5.28  -  7.92  cubic  feet  per  cubic  foot  (rfgzs. 
IhtxlucU  of  combustion: 

COj  -  1.07  4-  .35  +  2  X  .045  -H  .02]  -  .530  cu.  ft. 
11,0  -  I.4S5  +  i  X  ^5  +  2  X  .045I  -  1.275  cu.  ft. 

Ni  -  1.70  X  5.28  +  .0275]  +  .79  (7.92  -  5.28)  ==  6.285  c^  ^t. 

Ot  -  ,21  (,7.02  -  5.2S)  «  .554  cu.  ft. 

The  sum  total  of  the  \'olumes  of  the  products  of  combustioo  is  SJ64  csfac 
feet.  The  origimil  volume  of  the  mixture  was  i  -h  7.92  —  8-92  cubic  actL 
Hence  there  has  been  a  contraction  during  combustion  amoantiag  to 

8,02  -  8.64 

^ ^  «  3.1  per  coit, 

0.92 

assuming  that  the  products  are  brought  back  to  initial  pressure  and  tempeaiizE.- 
The  exhaust  gases  ^-ill  show  the  following  composition  by  vofanne:  d.i;  jc 
ctt\t  C\>t»  14-75  P^r  ^'^ni  HjO.  72.71  per  cent  X,,  and  6^1  per  cenz  3ec  ''\ 
In  our  orviinary  method  of  anatysis^  the  greater  part  of  the  water  -nmr  j 
cvHuWitsevi.  $0  that  the  anjd>'sis  of  these  exhaust  gases  as  made  wiH  3or  izrs 
with  the  Atv>\*e  d^nires.     See  Chap.  XHI. 

Sinxilar  cv>mputations  may  be  made  for  any  of  the  coTinniirz:ii 
gu^e^i-  rhe  tabk\  p.  Soi.  shows  aN-erage  composition  and  xx^tlij^ 
cvni>tAiits  tor  the  mA.>>t  important  of  these  gases.  The  d27-Lre:5  ill" 
l<  usevl  .i>  a  check  upon  cv>mputations  made  in  practiof. 

c^  C^iiiriu'tirrislu's  c»'*  ike  Liiiuid  Fiiels,  —  For  tfee  acaiii  fai±=: 


the  cv>mputation5  may  be  carried  through  the  same  wziy.  one^  :zi^ 
cv>nrt.x>2sition  of  the  oik  and  the  ratio  of  air  to  oil  anf  fcnowTL  Cmiir 
v>il  arivi  its  olist lUvit^^s.  kerv>>ene  and  gasoline,  show  in  gaitfral  iij-cr 
the  Sviir.e  o.^t!^^vH>i::v^a.  which  is  not  far  from  S4  to  S7  per  osir:  J  r^ 
weight ,  : :  5  :o  1 4.  5  ivr  cent  H.  and  .5  to  4  psr  kXoZ  oi  ox>  ■«!  zm 
itr.purirics.  rak:n.s:  :he  a\"erage  at  S5  per  cent  C*.  i-t  per  rsir  iS, 
a:td  :  inrr  v-xfr,:  ir.^^^crides  lV  the  theoretical  air  recurred 
jvc::c-  <hocId  be 

5^  \  i.cc  —  la  \  5  —  -ct 
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i  AndenoD,  lodiaoa. 

The  products  of  combustion  for  the  same  oil,  burned  with  the 
theoretical  air  supply,  will  be  ,85  X  3.66  =  3. 11  pounds  COi; 
,14  X  9  =  1.26  pounds  HjO;  and  .77  X  14.7  =  11.32  pounds  Nj. 

The  heating  value  of  these  oils  is  fairly  constant,  as  might  be 
expected  from  the  constancy  of  the  composition,  the  range  being 
from  about  17,500  to  21,000  B.t.u.  per  pound. 

The  only  other  liquid  fuel  of  any  importance  is  ethyl  alcohol, 
the  chemical  formula  for  absolute  alcohol  being  CiHgO.  This 
composition  shows  .522  pound  Cj,  .130  pound  Hj,  and  .348  pound 
Oi  per  pound  of  liquid.  The  theoretical  air  required  for  combus- 
tion is  9  pounds  per  pound.  Commercial  alcohol,  however,  always 
carries  some  water,  so  that  specific  gravity,  heating  value,  air 
required  for  combustion,  etc.,  all  change  with  this  variable  factor. 
The  proportion  of  absolute  alcohol  in  a  mixture  of  alcohol  and 
water  is  expressed  as  a  percentage  by  volume  or  by  weight.  The 
following  table  shows  these  figures  for  various  admixtures  of  water. 
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Absolute  Alcohol. 

Specific  Gravity  at 
SO*F. 

Hjsher  Heating  Value,  |«r 

Volume,  Per  Cent. 

Weight.  Per  Omt. 

Lb.  B.t.11. 

95 

90 

85 
80 

75 

93  8 

87.7 
81.8 
76.1 

70.5 

.805 

.815 
.826 
.836 
.846 

• 

12,140 

",540 

10,580 

9,850 

9,iao 

The  vapor  volumes  resulting  when  any  of  the  above  liquid  fuels 
are  vaporized  are,  of  course,  a  fimction  of  pressure  and  temperature. 
For  information  on  this  point,  the  student  is  referred  to  books  on 
the  subject  of  gas  engines. 

(d)  Specific  Heats,  —  The  specific  heat  of  the  gases  and  vapors 
is  one  of  the  factors  necessary  to  the  computation  of  heat  changes 
accompanying  temperature  changes.  Specific  heats  are  a  fimction 
of  both  pressure  and  temperature.  The  variation  with  pressure,  as 
far  as  the  gases  commonly  encoimtered  are  concerned,  seems  to  be 
minor,  except  far  water  vapor,  but  the  change  in  the  value  of  the 
specific  heat  with  temperatiu"*e  changes  is  of  sufficient  degree  to  com- 
pel recognition  where  accuracy  is  desired.  Although  a  great  deal 
of  exp>erimental  work  has  been  done  in  this  field,  the  results  of  the 
different  investigations  are  not  as  yet  in  entire  accord. 

The  following  data  are  an  abstract  of  an  investigation  made  on 
the  subject  by  Prof.  G.  B.  Upton,  in  which  he  collaborated  the 
results  of  the  most  important  experiments  made  by  Mallard  and 
Le  Chatelier,  Holborn  and  Henning,  Langen,  Pier,  and  others. 
The  aim  in  view  was  not  to  attempt  to  reconcile  the  various  results 
obtained,  but  by  a  judicious  balancing  of  all  the  facts,  to  furnish 
data  on  specific  heats  which  would  be  generally  useful  in  gas  com- 
putations, with  a  degree  of  accuracy,  on  the  basis  of  the  present 
state  of  our  knowledge,  quite  sufficient  for  engineering  work.    As  a 
result,  the  equations  furnished  by  one  experimenter  were  accepted 
for  one  gas,  while  those  of  another  were  used  for  another  gas. 
Thus  Pier's,  and  Holborn  and  Henning's  results  were  taken  for 
ox>^gen  and  carbon  dioxide,  nitrogen  and  carbon  monoxide,  Langen'S 
results  for  hydrogen.     The  data  for  water  vapor  are  the  result  of  a 
combination  of  available  figures,  mainly  Holborn  and  Henning's. 
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This  is  the  only  constituent  of  commercial  gases  in  which  the  pres- 
sure plays  any  important  part  as  far  as  specific  heat  is  concerned. 
Now  in  the  case  of  flue  or  exhaust  gases y  the  partial  pressure  of  the 
vapor,  which  is  the  pressure  criterion  for  the  determination  of  specific 
heat,  is  rarely  over  i  pound  absoluUj  while  at  the  explosion  pressure 
in  a  gas  engine  it  rarely  exceeds  so  pounds  absolute.  At  the  same 
time  the  low  pressure  range  (i.e.,  about  i  poimd  absolute)  is  ac- 
companied by  temperatures  not  very  much  exceeding  400°  C. 
(752°  F.),  and  serviceable  data  for  this  range  may  therefore  be  ob- 
tained from  Marks  and  Davis'  Steam  Tables  for  i  poimd  pressure. 
The  higher  pressure  range,  on  the  other  hand,  is  accompanied 
by  high  temperatures  (up  to  3590°  F.).  In  that  temperature 
range  the  field  of  variation  of  specific  heats  of  water  vapor  with 
pressure  narrows  very  rapidly  (note  the  indicated  narrowing  of  the 
field  beyond  400°  F.  in  Fig.  244),  so  that  there  is  little  practical 
difference  between  the  specific  heats  at  50  pounds  absolute,  and 
those  at  atmospheric  pressure.  For  the  latter  we  have  Holbom 
and  Henning's  results  and  these  may  consequently  be  accepted  for 
gas  computations  made  at  any  of  the  pressures  occurring  in  the 
gas  engine  cycle.  The  curve  (in  Fig.  537)  expressing  the  varia- 
tion of  specific  heat  with  temperature  in  the  case  of  water  vapor  is 
therefore  constructed  up  to  400°  C.  with  the  data  for  i  pound 
absolute  pressure  from  Marx  and  Davis'  Steam  Tables,  while 
beyond  that  Holbom  and  Henning's  results  for  15  pounds  absolute 
are  used.  The  equation  given  below  for  H2O  closely  represents  this 
curve.  This  eliminates  the  pressure  function  also  for  H2O  in  the 
case  of  any  combustion  computations  that  are  likely  to  be  made  in 
experimental  engineering  work. 

Definitions  of  specific  heat  at  constant  pressure,  Cp,  and  at  con- 
stant volume,  Cp,  have  already  been  given  in  Art.  174. 

Under  each,  we  distinguish  further  two  kinds  of  specific  heat, 
the  mean  and  the  instantaneous.  As  the  name  indicates,  the  mean 
specific  heat  is  the  value  by  which  a  temperature  range  must  be  multi- 
plied to  obtain  the  quantity  of  heat  which  was  required  to  raise 
unit  weight  of  the  material  through  the  range  stated,  under  the 
conditions  obtaining.  The  instantaneous  specific  heat  is  the  quantity 
of  heat  that  must  be  supplied  to  unit  weight  of  a  material  to  raise 
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the  temperature  one  degree  under  stated  aHiditions  of  pressure  and 
volume.  The  mean  specific  heats  are,  of  course,  used  for  all  heat 
calculations,  while  the  instantaneous  values  must  be  used  for  the 

C 
determination  of  7  =  -r^-     The  notation  used  below  is  as  foUovs: 

^» 

Instantaneous  specific  heat  at  ccoistant  pressure  ^  C,.;  at  oxistint 
volume  =  C.^;  mean  specific  heat  at  constant  pressure  =  C^;  at 
constant  volume  ~  C^.  We  also  speak  of  molecular  sfeciic 
hecUSy  obtained  by  multiplying  each  of  the  specific  heats  above 
mentioned  by  the  molecular  weight  of  the  gas,  m ;  thus  mean  molec- 
ular  specific  heat  at  constant  pressure  =  m  •  C^,  etc.  This  quan- 
tity is  little  used  in  engineering  work. 

Practically  all  of  the  experimental  work  in  connection  with  spe- 
cific heats  has  been  done  with  the  Centigrade  scale  of  tein|>erature. 
Hence  this  scale  is  retained  in  all  the  equations,  the  transpositioQ 
being  made  only  in  the  curves. 

It  can  be  shown  that  if  C„  the  instantaneous  iqpecific  heat  at  any 
temperature,  /,  is  represented  by  the  function 

d^t)  =  a  +  bt  +  ci^  +  dfi  +  e^  +  (16) 

the  mean  specific  heat  in  the  range  from  o  to  the  same  temperature. 
/,  can  be  represented  by 

2345 

These  relations  will  serve  for  the  conversion  of  mean  into  instan- 
taneous specific  heats  or  vice  versa.  Xote  that  the  mean  specific 
heats  are  computed  above  0°  C. 

Concerning  the  inter-relation  of  Cpi  and  C„.  Boynton  has  shown 
that  for  Xo.  O2,  H^,  CO.  CO2.  HjO,  SO2.  and  XHj,  we  may  write 

f  mC^i  [y  —  I )  =3;     or     wC,,  (7  —  i)  =  2.00.  (18) 

C 
Since  7  =  —^ » this  expression  may  also  be  wntten 

m  (Cpi  -  Cri)  =  2;    or    Cpi-  C^i  =  —  (19) 


How  closely  this  equation  is  actually  fulfilled,  as  judged  from 
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the  basis  of  existing  experimental  results,  may  be  seen  from  the 
following: 


For  CO 

fttCpi  —  mC^i  =  2.017 


Air 
1.960 


HiO 
2.020 


Ha 
I -955 


The  theoretical  value  for  7  is  the  same  for  all  monatomic  gases 
(=  1.667);  for  ^  diatomic  gases  (  =  1.400);  for  all  triatoiriic  gases 
(=  1.286)  etc.,  assuming  no  association  or  dissociation  to  occur. 
Consequently  C^i  and  C^i  should  be  the  same  for  all  gases  of  the 
same  atom  nimiber  in  the  molecule.  Experimental  data  show 
that  this  condition  is  not  quite  met  (see  the  curves  below),  but  how 
far  this  is  due  to  errors  involved  in  the  investigations  is,  of  course, 
problematical. 

The  following  equations  represent  the  final  results  of  Professor 
Upton's  investigation,  except  for  the  case  of  H2,  for  which  Langen's 
equation  is  used.     (Temperatures  are  in  degrees  C.) 

(  Cpm  =  0.216  -f  0.000014 
\Cvm  «  0.153  -f  0.000014 

Instantaneous  specific  heat fj^'^^  ""'"'^  +  0.000028 

(Cvi   =0.15: 


Oxygen 

(O,) 


Mean  specific  heat. 


Nitrogen 
(N,)  and 
Carbon 
monoxide 
(CO) 

Air 


Mean  specific  heat 

Instantaneous  specific  heat 


53  -h  0.000028 
Cpm  =  0.243  -h  0.000019 

Cvm   =0.171   4-  0.000019 

Cpi  =  0.243  -f  0.000038 

Cvi     =0.171+0.000038 


( Cpm  =  0.237  -h  0.000019 
Mean  specific  heat |  ^^^  ^  ^  ^^g  ^  0.000019 


Carbon 
dioxide 

(COO 

Water 
vapor 
(HiO) 


Instantaneous  specific  heat [^^'  ^  ^'^^^  +  0,000038 

(Cvi   =0.168+0.000038 

Mean  sp.  ht. 


Cp„,  =  . 200  4-75X10-*/ -21X10-*^  4-2. 2X10-"/* 

Cvm  =  . 1554-75  Xio-*/-2iXio-*/2  4-2. 2  Xio-"/» 

Cpi  =-.20o4-i5oXio-*/-65Xio-^/'4-9iXio-"/» 

Cvi  =.i554-i5oXio-«/-65Xio-*/*4-9.iXio-"/' 

Cpm  =  .452  4-7.4  X  io-*/4-92.6  X 10-^/*  -  20.6  X  io-"/» 
Ct,m  =  . 340  4-7.4  X 10- •/ 4-92.6  Xio-'/«- 20.6  Xio-"/» 

Cpi  =.4524-i4.8Xio-«/4-278Xio-*/*-82Xio-"/» 
Cvi  =.3404-14.8  Xio-*/4-278Xio-*/' -82  Xio-"/». 


For  hydrogen  (H2)  the  following  may  be  used : 


Hydrogen 
(H.) 


Mean  sp.  heat (Cp.  =  3.369 +0.00055/ 

(Cvm  =  2.369  4-0.00055/ 

Inst.sp.heat jj-^  =3.369+0.0011/ 

^  ( Cvi   =  2.369  4-  O.OOII  / 


-0^, 


^Tj 


.-u  ^t:;. 


.r.4t      r>     'J 


«^A«»aa«><^^ 


X^**CZ»iCii^L      '  i. 


>*..^-J-« 


^^-. 


''rf«;i..*«. 


-^    *» 

rfi 

«  » 

> 

«l 

^  ■ 

.  _  ■      « 

ff< 

t.j> 

^1 

• 

*.-''    «i 

.^J 

^  jy^^ 

/w*       ♦: 

i#> 

.^^              '            Kl'^'^ 

-»         -fl' 

.-1 

r 

</^     "^ 

»l         -s. 

^: 

• 

/ 

<' 

y 

*'     .^# 

^. 

» 

•  A      MM      Ml      -lA      Ml      «« 


«      nj       »t     i'-J     '^ 


z:s 


;-" 


'  f 


ff 


l\  -.i-.v-li  be  stited  tiiat  beyocd  looc'  C 
— '.'-rrrt-ilr.  ir.'i  th2.t  in  conse<ju<mce  depend- 


« • »       ^  •  *  *   ' 


'.'  -t' 


L     /  I        /•  ■       • 


.^  i.z-i*.  t-^o  siznincant  ngures  in  the 
r.-:   rr.can  specinc  heat    at   constant 
or  .2'  F.    and  any  other  given  tem- 
I  t'i'.u  !.hi V  -he  value  of  C^  may  be  derived,  as  sho^n 


..",  '^ 


'  r 
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change  in  this  figure  is  large  enough  to  be  of  importance  in  some 


It  happens  quite  often  that  the  quantity  of  heat  gained  or  lost 
between  some  temperature  ('  (not  o"  C.  or  32°  F.)  and  a  temperature 
t  is  desired.  This  case  occurs,  for  instance,  when  it  is  desired  to 
compute  the  heat  loss  in  a  gas  from  a  temperature  of  (  degrees  to 
room  temperature  at  ('  degrees.  The  most  obvious  way  of  solving 
this  problem  is  to  compute  the  heat  in  the  gas  at  t  degrees  by  use 
of  Cpn  (Q  to  t)  and  to  subtract  from  this  the  heat  still  in  the  gas  at 
^  degrees  by  use  of  C^  (0  u,  ^).  But  it  can  be  shown  mathematically 
that  if  mean  specific  heat  can  be  expressed  by  an  equation  of  the 
general  form 

C^  (aui)  =x  +  yt, (20) 

then  C^(^w,)=«  +  y(C  +  i) {21) 

The  use  of  the  last  equation,  of  course,  shortens  the  work. 


)iki«ii  4  k  ')^^tt.9iH3kTff*;k^  4  J  4 


ExampU,  —  Suppose  "JsBiZ  ms  pammi  (±sr'm  oxikd  Tmn  Tunc'  F.  tn  ic^  F. 
Wsaz  is  die  hear  bs^r 
Method  E.  Cp«  ir  iooo^  =  -lyJ;  2C  (Sc^*  —  .-137,  amiL  tiK^  czhttcs. 

Heat  in  air  abo^j^:  3^^  at  aocMT*  ==  ^^  '.  jood  —  j:i)   ==  507.7  B.r-a. 
Heat  in.  air  above  jr"  at     dc*  =  ^57  (ic      —  fz-   —      (La  B.i.a> 


Ffinc  loiK  "SK  icii>t  H«r  x 
yUsiuA.  2.  Eqnara:an  oar  C p«.  oar  air 

Changing  ds»  co  die  Dorm  <}C  «*qnanrai    ir.-,  wish.  /  ^^  tfLj*  d.  00^  F.   izid 
I  =»  10^'  C.  \  jooc'  F.',  we  hare 

Cj^  «  m  awMi'  =  -::}7  —  -ooffCQ '  Ej.3  -^  Eag^;  ==  ^3^ 
Beat  I0B&  —  . jjS  •'  jooo  —  6c«  ~  jocl  ^ 


jK.  Analysis  of  Fod  Gsscs 
Value.  —  The  cfaeraical  anahr^  ot  fori  ga«s  is  2l  TTgarr,FT-  reqcirnig 
care  ao^  eiperknce.  and  Tinlrgs  bodi  <^  these  reqazremezits  da  be 
mbilkfl  it  wiQ  in  general  be  best,  if  the  ptast  test  s  Bisbcfie  m  ux 
dekL  to  coQect  tbe  gas  by  some  apfiroved  xDet&iod  ami  to  send  ir  to 
some  chemical  laboratorv  for  anahr^. 

Means  for  coOecting  gas  are  discmsed  in  Chapter  XHL  to  whidi 
the  student  is  referred.  Where,  in  any  py^n  ptint.  tiae  sampie  k4 
gas  should  oe  taken,  depentis  upixi  the  ptupiDse  in  view.  If  tie 
test  is  confined  to  the  engine,  the  gz^  shoakL  of  oxirse.  be  coUs^r.ri 
close  to  the  engine,  no  attentiixi  being  paid  to  the  previous  his:  j^.- 
of  the  gas.  In  case  a  pr*>iucer  is  under  test,  it  is  alwa>"^  -arell  :  :• 
sample  the  gas  just  at  the  outlet  erf  the  producer,  and  again  arte: 
leaving  the  cleaning  apparatus  on  its  way  to  gas  holder  or  to  engize. 
WTiere  a  test  is  made  of  the  plant  complete,  the  two  azLai^.-ses  juit 
mentioned  are  sumdent  to  cover  the  requirements.  For  rcmarLi 
concerning  number  of  samples.  meth»)d  of  a>"eraging  the  results  of 
the  vario^is  analyses,  etc..  see  p.  S76. 

The  analysis  consists  in  the  determination  of  CO^.  O^.  CiHi.  CO. 
en*,  and  H-.  X:  being  found  by  dinerence.  It  may  be  carritd 
out  in  two  wavs: 

^a'  To  determine  CO*.  O*.  C1H4.  and  CO  by  absorption;  B^  by 
catal^wtic  separation  by  means  of  palladium;  and  CH4  by  combus- 
tion. 
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le  only  CQi,  Qi,  and  C2H4  by  absorption,  H2,  CO, 
)ustion. 

>rk  in  a  chemical  laboratory  is  concerned,  there  is 

wee  between  these  two  methods,  but  in  field  work 

decided  advantages,  as  the  apparatus  is  simpler 

time  to  operate.    A  distinction  should  be  made 

ied  upon  the  CO  content.    Where  this  is  compar- 

illmninating  gas,  an  absorption  method,  like  (a), 

results;  but  for  producer  gas  or  water  gas,  both 

od  (6)  would  be  preferred,  especially  in  the  field, 

e  diflBLCulty  of  absorbing  large  quantities  of  CO 

agitation  of  gas  and  reagent. 

ed  for  the  absorption  of  CO2  is  caustic  potash, 

2r  an  alkaline  solution  of  pyrogallic  acid  or  phos- 

paration  and  handling  of  these  reagents  has 

ribed  in  Chapter  XIII.    The  reagent  used  for 

iphuric  acid.    The  remainder  of  the  constituents, 

are  combustible.    They  are  transferred  to  a  com- 

vessel  and  mixed  with  a  measured  quantity  of  air. 

lighted  by  means  of  incandescent  platinum.    After 

resulting  CO2  and  the  free  oxygen  remaining  in  the 

nined  by  absorption.    The  reactions  occurring  in 

tube  may  be  written  as  follows :  * 

:o  +  Qi  =2  CO2, 

if  CO  +  I  vol.  O2  =  2  vols,  of  CO2 (22) 

li  +  2  O2  =  CO2  +  2  H2O, 

EU  +  2  vols.  O2     =1  vol.  CO2  +  2  vols.  H2O.  .  (23) 

I2  +  O2  =2  H2O, 

I2  +  IV0I.  O2  =2V0ls.  H2O (24) 

of  these  expressions  we  may  derive  the  following 


t  of  the  equations  used  for  the  determination  of  CO,  H2  and  CH4 
s  apparently  first  given  by  Vignon,  Bull.  Soc.  Chim.  1897,  832. 
mpel-Dennis'  Gas  Analysis. 
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Let  Z  =  the  sum  of  the  contraction  volumes  appearing  in  equa- 
tions (22)  to  (24). 
V  =  the  sum  of  the  volimies  of  CO,  CH4,  and  Hi, 

and  CQs  =>  the  sum  of  the  CQt  volumes  produced  in  equations  (22) 

and  (23). 

In  equation  (22),  3  volumes  before  combustion  contract  to  2  vol- 
umes; hence  the  contraction  amoimts  to  i  volume,  which  is  §  of 
the  CO  volume  concerned  in  the  equation.  The  contraction  vol- 
inne  may  therefore  be  represented  by  |  CO. 

In  equation  (23),  3  volumes  before  combustion  contract  to  i 
volume,  since  the  2  volumes  of  H2O  produced  will  condense.  Hence 
the  contraction  volume  is  equal  to  2  volumes,  which  is  twice  ihe 
volume  of  CH4  concerned  in  the  equation.  The  contraction 
volume  is  therefore  represented  by  2  CH4. 

In  equation  (24),  3  volumes  before  combustion  contract  toe 
volume,  since  the  2  volumes  of  HiO  will  condense.  Hence  the 
contraction  volume  is  equal  to  3  volumes,  which  is  f  of  the  volume 
of  H2  concerned  in  the  equation.  The  contraction  volume  may 
therefore  be  represented  by  f  Hj. 

Equation  (22)  shows  that  the  volume  of  CO2  produced  is  the  same 
as  the  volume  of  CO  concerned  in  the  equation,  while  equation  {23 
shows  the  same  to  hold  true  for  the  relation  between  the  volumes 
of  CO2  and  CH4. 

With  this  information  we  now  have 

2=K0  +  2CH4  +  fH,, (25) 

7  =  C0  +  CH4  +  H2, (26) 

CO2  =  CO  +  CH4 (27) 

Solving  these  for  each  one  of  the  combustible  gases,  we  finally 
derive 

CO  =  |C02+r-f2 (28) 

Ho  =  r  -  CO2, (29) 

CH4=fC0,-  V  +  iZ (30) 

How  these  equations  are  practically  applied  will  be  shown  by  a 

l}']K'  example. 


;  ENGINES  AMD  GAS  PRODUCERS 


871 


ral  types  of  apparatus,  based  generally  upon  the 
Drsat,  which  should  be  satisfactory  for  field  work, 
i  probably  the  Hahn  apparatus*  described  by  Dr. 
Zeitschrift  des  Vereins  deutscher  Ingenieure  for 
nother  is  described  in  the  same  journal  for  April, 
ifactured  by  Dr.  Siebert  &  Kuhn,  Kassel.t 
q>earai)ce  of  the  Heinz  apparatus  is  shown  in 
:.  540  shows  in  detail  the  arrangement  of  the  parts. 


539,  —  Heinz  Afpabatus  for  Gas  Analysis. 

the  absorption  pipettes,  e  is  the  measuring  burette, 
justion  pipette.  The  latest  improved  forms  of 
tes  are  shown  in  Figs.  541  and  542,  the  former  of 
Hankus,  the  second  the  Heinz  pipette.  Both  are 
lote  thorough  intermixing  of  gas  and  reagent,  and 
OS,  Aachen. 

ut  b  dncribed  by  Paul  Fuclts  in  his  "  Generator  Kraftgaa  und 
■."    It  b  made  by  G.  A.  Schultze,  Char lotten burg. 


in 


—  k 


i^r    >c  —  ^.pa-ASir 


TT   ?^, 


IF   '^*J*vi^ 


%»<■ 


?;'-    'i.:  —  *.2;v>i:?T>':'.*w  Pifittes — Fic  c 


at  //  hi^'j  Ui':  r':^'/*:Tji   t/jroijifii  which  31  rises  to  the  top.     It  may  ii 

)f:  'Jraw7i  fpA  \)ir'/^y^h  th*.-  -ide  oj>enii3g  at  the  tc^  by  throwing  i 

cotk  '/vrr  into  th'r  ri^t  jx/^ilion    Jiown  at  e  m  the  detail  drawi 

>ie  Heuiz  pijxrltc>.    The  action  of  the  Heinz  pipette  is  v« 
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similar.  The  gas  flows  from  ctod  through  the  central  tube,  escapes 
through  a  small  injector  opening  and  rises  in  the  long  spiral.  It  is 
removed  as  in  the  Hankus  pipette. 

The  analysis  is  carried  out  as  follows: 

Assuming  that  the  liquids  in  the  absorption  and  combustion 
pipettes  (mercury  or  water  in  the  latter)  stand  at  the  top  of  the 
capillary  tube,  that  the  measuring  burette  and  capillary  are  filled 
with  the  displacing  liquid  (mercury  or  water),  a  sample  of  gas  is 
drawn  into  the  apparatus  through  the  cock  i.    After  measuring  in 
«,  the  gas  is  displaced  into  a,  which  contains  KOE  for  the  absorption 
of  CO2.    After  this  is  complete  and  the  contraction  has  been  meas- 
ured, displace  into  6,  which  contains  fuming  sulphuric  acid  for  the 
absorption  of  the  heavy  hydrocarbons  (considered  as  C2H4).    From 
b  draw  the  gas  back  into  ^,  but  before  determining  the  contraction, 
displace  over  into  a  again  to  take  out  acid  fumes.     Then  draw  back 
into  e  and  measure  the  total  contraction  which  determines  CO2  + 
C2H4.     Next  displace  into  c,  containing  pyro-gallol  for  the  absorp- 
tion of  O2.    After  absorption  in  c,  the  total  contraction  shown  in  e 
measures  CO2  +  C2H4  +  Oa.    It  is  next  possible  to  absorb  CO  by 
means  of  a  cuprous  chloride  solution  in  the  pipette  d.     But  owing 
to  the  fact  that  producer  gases  contain  a  good  deal  of  CO  (up  to 
30  per  cent  in  some  cases),  and  that  the  absorbing  power  of  the 
solution  for  CO  is  very  limited,  the  writer  prefers  to  omit  this 
absorption  and  to  determine  CO  by  combustion,  as  above  stated. 
To  this  end,  have  the  pipette  d  simply  filled  with  water,  and  at  the 
end  of  the  O2  absorption  displace  all  the  gas  over  into  d,  which  may 
then  serve  as  a  storage.     Next  draw  into  e  a  certain  quantity  of  air 
through  A,  measure  it  and  force  it  over  into  the  combustion  pipette 
/.    Then  draw  over  from  d  a  certain  quantity  of  gas  and  measure  it. 
The  proportion  of  air  to  gas  will  depend  upon  the  kind  of  gas;  more 
than  enough  oxygen  to  completely  burn  all  of  the  combustible 
components  (CO,  H2  and  CH4)  must  be  present.     Next  pass  a  cur- 
rent through  the  platinum  spiral  P,  by  means  of  the  storage  battery 
shown  in  Fig.  539,  so  that  this  wire  will  be  at  a  bright  red  heat. 
Then  slowly  displace  the  gas  from  e  into/.     The  combustion  taking 
place  will  bum  CO  to  CO2,  H  to  H2O  and  CH4  to  CO2  and  H2O. 
After  combustion  transfer  the  mixture  of  burned  gases  first  to 


*74  rrmnuFTOL  esgdedmdbs 
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jii-KtHN"       Fic.  544- ^-\ek>kptios      Fic.  545.  —  Mtisris 

'<jB     Gas  Pipctte,       ?i  esekt-  BirtttiTE,     :mx*  i : 

KuHS  .\ppAaATi-s.  E.iJHX  ApT-AiAi;:* 


■A-hii-h  -Aire  is  heated  by  means  of  ao  external  flame  to  a  tempera- 
lun.ol  4'JC'-;oo'C.  With  the  spiral  /*  cold,  the  mixture  of  gas 
an'l  air  U  forced  from  e  over  into/,  when  combustioD  of  H-  alone 
wil!  tjikfc  place  in  k.  Afterward  spiral  P  is  used  to  bum  CH4, 
iJr.  Hahn  u-inji!  the  absorption  method  for  CO.  This  method  then 
'i'lcrminti  H-.  CO  and  CH«  separately.  The  separation  of  H.  by 
tlii-  method,  however,  requires  considerable  care  and  skiD,  and 


GAS  ENGINES  AND  GAS  PRODUCERS.  875 

the  writer  would,  therefore,  recommend  the  straight  combustion 
method  for  CO,  H,  and  CH4  as  above  outlined. 

The  Siebert-KUhn  apparatus  is  similar  in  principle  but  of  differ- 
ent construction.    In  Fig.  543,  ao  are  the  absorption  pipettes, 


Ftc.  546.  — SiEBERT-KvHN  Apparatos  Ready  for  Use. 

moimted  in  a  holder  that  can  be  revolved  on  a  base,  and  m  is  the 
measuring  burette.  Fig.  544  shows  the  construction  of  the  absorp- 
tion pipettes  and  indicates  the  means  taken  for  exposing  large 
surfaces  of  the  reagent.  The  burette.  Fig.  545,  consists  of  the 
graduated  tube  c,  surrounded  by  the  Jacket  tube  /.  The  electrodes 
gg  lead  the  current  to  the  platinum  spiral  in  the  top  of  the  burette. 
When  ready  for  use  the  apparatus  is  arranged  as  in  Fig.  546.  The 
burette  is  connected  to  each  absorption  pipette  in  proper  order, 
the  combustion  part  of  the  analysis  being  carried  on  in  the  burette 
itself. 

Both  types  of  apparatus  are  put  up  in  compact  form  in  traveling 
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The  following  type  example  of  an  analysis  of  a  producer  gas  is 
taken  from  the  work  by  Paul  Fuchs,  mentioned  in  footnote,  p.  871. 

Origmal  vohmie  of  producer  gas 94. 8  ex. 

After  absorbing  COj 90. 2  ex.  =  4. 6  ex.  COs 

After  absorbing  0». 89.9  ex.  =*  . 3  cc  0, 

After  absorbing  C^^ 89. 7  cc  ==  .  2  ex  CJBi 

Vohime  of  gats  used  for  axnbostkm 34. 2  ex.  .. 

Air  added ^.  7  ex.  =s  ;  '           *  ' 

Volume  of  air  and  gis 70. 9  ex. 

Volume  after  combustioQ. . .     58. 3  ex.;  hence  2  =  70.9  —  58.3  =  iiJScx. 

After  absorbing  COt, 52.  i  e.e.;  hence  CX)i  «  58.3  —  52.1  =6.2 cc 

After  absorbing  Oi 50.9  ex 

V(^ume  of  Xj  added. 29.  o  ex. 

Remaining  differenee =  21. 9  ex  »  (Vofaime  left  d  or^iiial  34.2  cc 

of  gas  used)  hence  V  =  34.2  —  21.9  =  12.3  cc- 

Substituting  these  values  of  S,  CO2,  and  V  in  equatioDs  (23)  to  (25),  weobcak 

CO  -  J  CO,  -h  r  -  i  2, 

=  2.1  -h  12.3  —  8-4  =  6.0CX 
H,  -  P^  -  C0„ 

=  12.3  —  6.2  =  6.1  ce. 
CH4  =  i  CO,  ->  r  +  §  2, 

=  4,1  —  12.3  +84  ==  .2  ce. 

The  ratio  between  the  original  volume  of  gas  taken  and  that  used  for  com- 
bustion is  —^  =  2.7'.     Therefore  in  the  original  volume  there  were  contained 

.6  CO.  of  CH^;  16.9  cc.  of  H*,  and  16.7  cc  of  CO.     The  94.8  cc  of  gas  origimDy 
taken  therefore  contained 

COj  O5  CiH»  CH*  Hi  CX)  Xs  by  difference 

4.6  ex.      .3  CC      .2C.C.      .6CC.        16.9  CC   16.7  CC  55.5  CC 

The  percentage  composition  by  volume  therefore  is 

COi  Oi  CjH4  CH4  Hi  CO  Xi 

4-8  c  5  c         '^/C         '7 /c         i7'9/c         17-6%  5^-5% 

The  heating  value  of  a  fuel  gas  is  best  determined  directly  in  a 
calorimeter  (see  Chapter  XIII).  Where  a  continuous  calorimeter, 
like  the  Junker,  is  available,  and  the  gas  is  under  some  pressure, 
it  is  easy  to  make  arrangements  by  which  the  determination  is 
made  continuous  over  the  entire  time  of  the  test  by  furnishing 
facilities  for  accurately  weighing  large  quantities  of  water.  WTiere 
no  calorimeter  is  available,  the  heating  value  may  be  computed  by 
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id  and  data  given  in  Article  384,  in  this  chapter. 
order  to  avoid  a  complicated  and  generally  un- 
verage*  computation,  it  is  well  to  see  that  gas 
for  analysis  at  stated  intervals  equally  spaced 

0  make  the  time  of  collecting  as  long  as  possible. 
Lge  of  all  the  results  may  then  be  taken.  The 
)  taken  depends  largely  upon  the  constancy  of 
a,  fluctuations  requiring  more  frequent  analysis. 

1  of  collecting  would,  of  course,  be  to  arrange  an 
«  shown  in  Fig.  362,  p.  515,  of  sufficient  capacity 
lours.    The  sampling  may  in  that  way  be  made 

3US. 

'  the  Exhaust  Gases,  and  Computation  of  the 

lust.  —  For  methods  of  collecting  exhaust  gas 

T  Xin,  since  the  precautions  to  be  observed  are 

gas.    Usually  the  exhaust  gases  are  under  some 

aspirating  apparatus  is  required.    As  far  as  the 

id,  what  is  said  in  Chapter  XIII,  with  reference 

1  with  equal  force  to  exhaust  gases;  in  fact,  if 

CO  (N2  by  difference)  are  tested  for,  the  same 

ised.    It  has,  however,  been  shown  by  Guldner 

spite  of  the  fact  that  there  is  a  considerable 

5t  gas-engine  mixtures,  incomplete  combustion 

.dner  cites  cases  where  the  heat  loss  due  to  com- 

nts  in  the  exhaust  gas  amounted  to  as  high  as  15 

}  obtained  as  follows.    Assume  that  on  a  1 2-hour  test,  samples 
»  stated  below: 


Interval 

•  •  ■  •  ^ 


,  The  analysis  of  sample  A  is  assumed  to 

)  ^^ '        cover  the  period  from  the  start  of  the  test  to 

} '  •  5  ^^  half  the  interval  between  samples  A  and  B. 

J 1.5^^  ^jj|g  jg  2  hours,  from  8  to  10  a.m.      Similarly, 

I ^*°  u  sample  B  covers  the  next  1.5  hours,  etc.    The 

j         ^  •  5  results  of  each  analysis  are  then  multiplied  by 

.2.5  "  this  time  interval,  and  the  summation  of  the 

individual  products  is  divided  by  the  total 

length  of  the  test,  in  this  case,    12  hours. 

12  hrs.  Since  this  whole  computation  is  based  upon 

ted  assumption,  its  value  is  doubtful. 
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per  cent  of  the  total  heax  supplied  in  tiae  foeL  It  must  be  ^cesi 
from  this  that  where  it  is  desired  to  estabtisii  a  sczentincaily  xtrsc 
heat  balance  for  a  gas-engine  test,  the  <*'»^^"g«'  gases  ihouia  jt 
completeiy  analyzed,  and  in  the  oeld  the  ^^^*™^  or  Siebet  jc> 
paratus  may  be  used  for  this  puxpose. 

It  Lh  stated  that  the  heat  loss  in  prhaiwr  may  be  foimd  in  m 
wavs: 

•a)  By  measuiing  the  fuel  and  the  air  used,  and  <iecexinimii;  IK 
ratio  of  fuel  to  air.  With  a  known  fuel  compostian  it  then  beanos 
easy  to  compute  the  weights  or  volume  of  the  various  products  i 
combustion  passing  into  the  exhaust  pipe. 

(b)  To  analyze  the  exhaust  gases  and  from  the  resoits  of  ±& 
anal3rsis  to  compute  the  products  of  combustion  by  ifae  metbad 
outlined  in  Chapter  XTH  for  due  gas.  or  by  some  other  methocL 

Method  a)  assumes  that  there  is  complete  combustion  •>!  'hs 
fuel,  and  is  correct  only  under  that  assumption.  EEbw  far  ±11 
assumption  may  be  incorrect  has  been  shown  above.  In  mtrthod 
(b)  the  determination  of  combustible  constituents  malff**;  it  po&^bk 
to  allow  for  the  e^ect  of  incomplete  combustion,  and  on  the  score 
of  accuracy  the  latter  method  is  tiierefore  to  be  preferred  to  tilt 
former.  Of  course  method  a),  if  properly  carried  out.  will  jve 
the  accurate  total  weight  <)r  volume  t)f  the  gas  passing  ihrr.uin 
the  engine  unrier  all  ciroimstances,  but  it  may  fnil  to  ieiinirriy 
indicate  the  .iistribution  of  this  total  among  the  various  kinc::  •  i 
gas  present,  and  thereby  lead  to  an  erroneous  determinatioa  oi  izt 
exhaust,  ioss. 

To  make  the  «:omoutati<m  of  the  exhaust  loss  a  general  ca^e 
assume  ^h:U.  a  romplere  exhaust  gas  analysis  is  made  and  tJLi: 
5omt;  ■:oml)U.->rible  ^^mponenL-:  are  round.  The  method  of  pr> 
Cr-fiure  '^'iil  -.hen  he  3^,  follows; 

Ex^impff'  —  F'lel   ised  is  pnxiucer  53s  "^th  the  foflowing  conip<>sit:on  :y 

voluTTK*    .  •  -;  ".er  c.-nt  H:.  i-.c  ptrr  cent  CO:  .51  per  cent  CH^;  .31  per  ctr: 
C.ffi;  ir,  -,.-;  :>rr  ' -n*  N'^,  i.r-  ptT  cent  C0»;   aj  per  cent  Oa.     Higher  healing 
.-iAit:  :  r-r,  B  ■.:.  ;.»T  "il.u:  foot. 
T'>'  *\'h.i;;-.  jn-.v^  ^r.o'Vi.i  hy  volume: 
...-.  •;^T  rear  ■'«';:.  '.:  per  cent  Oi,  .g  per  cent  Hx;  i^  per  coit  CO;  7S.6  pc 

7  ■-*.-. r^rrir.i r.*  .;-i  exhaust  =  75.2^  F. 
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I  of  the  following  parts: 

I  of  the  quantity  of  the  products  of  combustion. 

ei  used,  and  the  excess  air. 

sxhaust. 

comparing  them  with  the  results  of  the  exact  method 

intity  of  the  products  of  combustion,  as  found  under 

under  (d)  Wow  show  the  results  when  the  usual  ap- 

t  Is  the  one  assuming  complete  combustion,  is  used. 

hiantUy  of  Products  of  CombusHon.    Exact  Method, 
essentially  that  developed  for  the  flue  gases  from  f ur- 
[,  and  the  student  is  referred  to  that  chapter  for  the 
nulas  and  equations  used. 

onvert  the  per  cent  by  volume  composition  of  the  fuel 
ent  basis.    The  following  table  shows  the  computation 


on, 
by 

Weigkt  per  Standard 
Cu.  Ft.  of  the  Individ- 
ual Gases. 

Weight  of  the  Individual 

Gases  in  One  Standard 

Cu.  Ft. 

Composition, 

Per  Cent  by 

Weight. 

> 

r 

• 
t 

1 

LU. 
.00561 
.07807 
.04464 
.07809 
.07831 
.12341 
.08921 

Lbs. 
.00104 

.01957 
.00012 

.00023 

.03835 
.00806 

.00002 

I   54 
29.02 

•17 

.35 

56.89 

12.00 

03 

> 

.06739* 

100.00 

lation  is  weight  per  standard  cubic  foot  of  fuel  gas. 

dysis,  it  is  now  possible  to  compute  the  actual  weights 
agen  that  went  through  the  engine  per  pound  of  the 
sume  that  all  of  the  carbon  contained  in  the  fuel  gas  must 
appear  in  the  exhaust  gases,  we  can  at  once  determine  the 
the  weight  of  fuel  gas  used  and  the  weight  of  exhaust  gases 
aust  gc^  analysis, 

night  invalidate  this  assumption  is  the  carbon  deposit  in 
•  pound  of  gas,  however,  would  be  so  small  as  to  be 

of  carbon  contained  in  a  pound  of  the  fuel  gas  is: 
md  (from  CO  content);  \l  X  .0017  =  .0013  pound 
It  X  .0035  =  .0030  pound  (from  C2H4  content);  and 
d  (from  COi  content);  making  a  total  of  .1615  pound 
>w). 
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Similarly  the  actual  weight  of  hydrogen  is: 

.0154  pound  (from  Hi  content);  A  X  .0017  =  .0004  pound  (from  CH, 
content);  and  3^  X  .0035  -  .0005  pound  (from  the  C1H4  content):  makof 
a  total  of  .0163  pound  of  hydrogen. 

From  the  equation  on  p.  535,  the  relation  between  the  caxbon  in  fuel  and  tlut 
in  the  flue  (exhaust)  gas  is 


^ /44CO,  ^  28CO\ 
\  3-66  2.33  / 


By  substituting  in  this  the  value  of  c  as  above  computed,  also  the  percenta^of 
CO2  and  CO  from  the  flue  gas  analysis,  we  will  have 


V    3-66  2.33     / 


from  which  n  =  .00088. 

With  this  value  of  n,  and  in  connection  with  the  exhaust  gas  analysis,  vt 
may  next  compute  the  actual  weight  of  the  various  products  of  combustioii 
by  aid  of  the  equations  developed  on  p.  535. 

Weight  of  free  Oi  =  .00088  X  32  X    5.2  =    -1465  pound. 

Weight  of  COa  =  .00088  X  44  X  13.9  =    .5360  pound. 

Weight  of  CO  =  .00088  X  28  X    1.4  =    .0345  pound. 

Weight  of  Nj  =  .00088  X  28  X  78.6  =  1.9350  fK>und. 

Weight  of  Ha  (not  burned)  =  .00088  X    2  X      .9  =    .0016  fK>und. 

Ha  actually  burned  is  therefore  =  .0163  —  .0016  =  .0147  pound,  and  the 
water  vapor  (H2O)  resulting  will  be  9  X  .0147  =  -1312  pound. 

This  determines  the  weight  of  all  of  the  products  of  combustion,  with  the 
exception  of  the  water  vajwr  as  humidity  in  the  air  used,  which  may  be  neg- 
lected.*   The  sum  total  is 

Oi  COj  CO  N>  Hj  HjO 

•1465  -f     .  5360  -h  0345  -h  1.9350  +  0016  4-  .1312  =  2.78  pounds. 

(b)  Ratio  of  Air  to  Fuel  Uscdj  and  the  Excess  Air. 

Since  the  exhaust  gases  weigh  2.78  pounds  per  pound  of  gas,  the  air  added 
to  each  pound  of  fuel  gas  to  form  the  mixture  must  evidently  have  been  1.7S 

pounds.     The  ratio  —  is  then  -^  by  weight.     The  gas  weighs  .0674  pound, 

gas  I 

(sec  table  above)  and  air  .0807  jwund,  per  standard  cubic  foot.    This  would  make 

the  mixture  under  these  conditions  consist  of  — - —    =  14.84  cubic  feet  of  gas. 

.0674  ^ 

*  Water  brought  in  as  humidity  in  air  amounts  to  about  .001  pound  i>er  cubic  foot 
of  gas. 
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I  78  3.ir 

«ui<l  — ~-  =  22.05  cubic  feet  of  air.    This  makes  the  ratio  of  —  by  volume 
.0807  gas 

_   22.05      1.49 

14.24  I 

From  equation  (12a),  p.  859,  the  theoretical  volume  of  air  required  by  this 
Sas  p>er  standard  cubic  foot 

.2507 +.1873  ^  (2  ^^^j)  ^  (3X.0031)  -  .0003 
2 

=  —__— _^^_— ^^-^_^-.^— — — — ^—  =  1. 12  cu.  ft. 

.21 

This  would  indicate  an  air  excess  equal  to  -^ ■ —  =  33  per  cent,  by  volume. 

1. 12 

But  the  result  of  the  computations  above  has  shown  that  .0345  pound  of  CO 
and  .0016  pound  of  Hj  remained  unbumed  per  pound  of  fuel  gas,  and  therefore 
required  no  oxygen.  These  weights  amount  to  .03  cubic  foot  of  CO  and  .02  cubic 
foot  of  Hj  per  standard  cubic  foot  of  fuel  gas.  So  that  only  .2207  cubic  foot  of 
CO  and  .1673  cubic  foot  of  Hj  actually  burned.  This  reduces  the  theoretical 
air  supply  necessary  to  i.oo  cubic  foot  per  cubic  foot  of  gas,  and  the  real 

excess  of  air  therefore  is  -^ —  =  49  per  cent,  by  volume. 

I.oo 

(c)  The  Heat  Loss  in  Exhaust,  —  This  is,  of  course,  made  up  of  the  heat  lost 
in  the  combustible  components  of  the  gas  plus  the  quantity  of  sensible  heat 
carried  off,  measured  above  some  assumed  datimi  temperature,  say  32°  F. 

(i)  Heat  lost  in  combustible  components: 

In  CO  =  .0345  X   4,380  =  151  B.t.u. 
In  Hj  =  .0016  X  61,950  =    99  B.t.u. 

250  B.t.u. 

(2)  Sensible  heat  lost. 

This  is  in  any  case  (except  that  of  water  vapor)  equal  to  the  weight  of  the 
particular  gas  multiplied  by  the  temperature  range  =  752  — 32  =  730°,  and 
by  the  mean  sp)ecific  heat,  Cpm  between  32°  and  752°,  as  taken  from  the  curve 
sheet.  Fig.  537. 

Sensible  heat  lost  in  Oi  =  .1465  X  730  X  .222  =  24  B.t.u. 
Sensible  heat  lost  in  CO2  =  -5360  X  730  X  .227  =  89  B.t.u. 
Sensible  heat  lost  in  Nj     =  1.9350  X  730  X  .251  =  354  B.t.u. 

467  B.t.u. 

(3)  Heat  lost  in  water  vapor  (see  p.  467) 

=  .1312  (1058.7  +  .455  /i  -  /,  -h  32) 

=  .1312  (1058.7  +  .455  X  752  -  32  -h  32)  =  184  B.tu. 
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Total  heat  loss  per  pound  of  fuel  gas  15250+467  +  184  «  901  B.  uo. 
Higher  heating  value  of  gas  (computed)  per  standard 

cubic  foot 159  B.txL 

Higher  heating  value  of  gas  (computed)  per  poimd 2360  B.lil 

Total  exhaust  gas  loss 38. 2  per  ant 

Loss  in  combustible  gases 10. 6  per  cait 

Loss  in  sensible  heat 27. 6  per  cest 

(d)  Approximate  Method  of  CotnptUing  Quantity  of  Products  of  ComimsOoiL  ~ 
Where  the  combustible  components  of  an  exhaust  gas  have  not  been  detenniDcd 
(i.e.,  are  assumed  not  present),  a  somewhat  shorter  method,  giving  a  icsoit 
which  will  be  more  or  less  correct,  depending  upon  the  error  involved  in  satk 
assumption,  may  be  used. 

In  that  case,  the  exhaust  gas  analysis  above  given  would  have  been,  hj 
volume: 

13.9  per  cent  CO2;  5.2  per  cent  Oi,  and  80.9  per  cent  Ni  (by  difiFerence). 

From  equation  (15a),  p.  859,  the  total  number  of  cubic  feet  of  Ns  that  wooki 
have  resulted  from  the  combustion  of  one  cubic  foot  of  the  fuel  gas  wHk  the 
theoretical  air  supply  of  1.12  cubic  feet  per  cubic  foot^  of  gas,  is 

Na  =  (.79  X  1. 12)  +  .4898  =  1.3746  cu.  ft. 

Of  this  total,  - — ^  =■  64.37  per  cent  is  due  to  air  used;  '^^^  »  ZS-'^Z  P® 

1.3746  1-3746 

cent  is  due  to  Ns  already  in  fuel  gas. 

The  computation  for  total  air  really  supplied  may  now  be  made  as  folkws: 

Total  Nj  from  exhaust  gas  analysis  =  80. 90 

Of  this  amount,  Nj  due  to  excess  air  (as  measured  by  free  Oa) 

=  ^X5.2                                       =19.60 
21 

Leaves  Nj  due  to  fuel  gas  and  to  air  actually  needed  61. 30 

Of  this  remainder,  35.63  per  cent  is  due  to  Ni  content  in  fuel  gas  =  21. 85 

Leaves  Ni  due  to  air  actually  needed  39. 45 

From  this  data 

T-  «-  .     X     Nj  due  to  excess  air  +  Ni  in  air  needed 

Excess  coemaent= r^jr-^ — ; r—. > 

Nj  m  au:  needed 

^  IQ.60  +  39.45  ^  5Q-05  ^  J  -Q^ 
39-45  3945 

This  result  would  show  that  the  volume  of  air  supplied  per  cubic  foot  of  gas 

is  1.50  X  1.12  =  1.68  cubic  feet,  and  that  the  volimie  ratio  is  — ^ —  instead  of 

I 

- --,  as  the  exact  method  shows.    The  discrepancy  is  primarily  due  to  the  fact 

I 
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that  the  approximate  method  is  compelled  to  assume  that  the  aii  actually  used 
in  the  combustbn  is  that  shown  to  be  the  theoretical  volume  necessary,  Le., 
I. II  cubic  Eeel.  The  fact  is,  however,  that  on  account  of  incomplete  combus- 
tion, the  real  volume  of  air  used  up  is  only  i.oo  cubic  foot  per  cubic  foot  of  fuel 
gas.    Therefore  this  is  the  figure  which  should  have  been  multipUed  by  the 

excess  coefficient  1.50  toobtam  the  total  air  supply,  

and  we  have  1,50  x  [■oo  —  1.50  cubic  feet,  which 
agrees  very  closely  with  the  exact  result. 

The  computation  by  the  approximate  method 
is  here  primarily  made  to  indicate  what  the  degree 
of  error  involved  in  some  cases  may  be.  Of 
course  not  having  the  complete  analysis  of  the 
exhaust  gases,  we  are  compelled  to  assume  com- 
plete onnbustiou,  i.e.,  that  the  theoretical  amount 
of  air  that  was  required  is  i.ia  cubic  feet  (in  this 
case).    The  result  is  that  the  ratio  of  —  is  de- 


termined too  large  by  - 


1-49  ^ 


: 2. 8  per  cenL 

388.  Ezperimental  Determination  of  Ex- 
haust Loss.  —  The  heat  lost  in  exhaust  has 
also  been  experimentally  determined. 
Staus*  constructed  an  exhaust  gas  calo- 
rimeter of  which  the  details  are  shown  in 
Fig.  547.  The  gases  find  their  way  from 
the  exhaust  pipe  a  into  the  muffler  C. 
The  latter  is  enclosed  in  the  calorimeter, 
which  consists  essentially  of  a  wooden  box 
A  lined  with  galvanized  iron.  The  lower 
end  of  the  box  is  open  and  rests  in  the  ; 

trough  B,  in  which  a  water-seal  of  constant  fk.  547.— stads  Exhadsi 
height  is  maintained  by  means  of  the  Gas  Calouuetek. 
overflow  funnel  m.  The  exhaust  gases  pass  from  C  into  six 
pipes  E,  arranged  as  shown,  and  escape  into  the  box  A  through 
elbows  at  the  lower  end.  The  box  being  sealed  below,  the  funnel 
opening  also  being  covered  by  the  hood  n,  the  gases  rise  in  A  and 
finally  escape  through  J.  In  their  ascent  they  meet  fine  streams  of 
water  produced  by  the  spray  nozzles  k,  the  water-supply  head  being 
•  A.  Staus,  ZaUchHfl  da  Vtreins  daOscher  Ingtniture,  May  3,  igoj. 
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maintained  constant  by  the  constant  head  apparatus  F.  Valve  < 
controls  the  rate  of  supply.  Thermometers  at  J  and  K  detenzune 
the  temperature  of  water  entering  and  leaving;  thermometer  I, 
the  sensible  heat  still  remaining  in  the  gas  above  any  assumed 
datum.  Two  small  windows  /  are  furnished  to  watch  the  operatiflo 
of  the  spray  nozzles.  Means  must,  of  course,  be  furnished  to  accu- 
rately determine  the  quantity  of  water  used.* 

The  method  of  computation  is  obvious.  It  should  be  noted 
that  the  results  obtained  can  be  accurate  only  as  long  as  the  gases 
contain  no  combustible  parts.  If  these  are  present,  the  heat  of 
combustion  in  them  will  escape  through  b  unaccoimted  for. 

389.  The  Determination  of  the  Quantity  of  Producer  Gas  Made 
per  Pound  of  Fuel.  —  There  are  two  methods  open,  one  of  which 
may  be  called  mechanical,  the  other  chemical. 

The  mechanical  method  consists  in  the  use  of  gas  meters,  Ventuii 
meters,  Pitot  tubes,  etc.  Concerning  these  instruments  the  student 
is  referred  to  Chapter  XII,  for  discussions  regarding  theory,  accu- 
racy, precautions  necessary,  etc.  It  may  be  said  that  where  the  flow 
of  gas  from  a  producer  is  fairly  steady,  i.e.,  in  a  pressure  plant,  the 
means  above  mentioned  will  give  excellent  service  if  properly  used, 
but  in  a  suction-gas  plant,  the  diffictdties  encountered  on  account 
of  the  rapid  fluctuations  of  velocity,  are  in  most  cases  insurmount- 
able. In  pressure-gas  plants  the  gasometer  method,  which  con- 
sists in  determining  the  rate  of  fall  of  the  gasometer  bell  while  the 
gas  inlet  is  closed  (purge  pipe  on  producer  open)  and  the  engines 
or  other  apparatus  are  drawing  on  the  gasometer,  is  sometimes 
used.  Unless  the  demand  is  fairly  constant,  these  determinations 
have  to  be  made  often  in  order  to  obtain  an  average  rate  of  fall. 
This  coupled  wth  the  difficulty  of  accurately  rating  the  capacity 
of  the  gas  holder  for  a  given  drop,  especially  in  large  sizes,  operates 
against  the  accuracy  of  this  method,  although  it  is  often  the  only 
one  available. 

The  chemical  method  of  determining  the  volume  of  gas  made  is 
of  interest  and  of  general  applicability.  It  depends  upon  the  fact 
that  all  of  the  carbon  contained  in  a  fuel  used  in  a  gas  producer 

*  An  exhaust  gas  calorimeter  of  similar  construction  is  now  on  the  market,  made  by 
Junkers  &  Co.,  Dessau. 
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must  reappear  in  some  form  or  other  in  the  following  four  ways: 
(a)  as  gaseous  carbon  in  CO  and  in  CO2  in  the  producer  gas,  or  in 
CJBU,  CtH4,  etc.,  as  distillation  products  in  the  gas;  (b)  as  solid 
carbon  in  the  refuse  (ash)  from  the  producer ;  (c)  as  gaseous  carbon 
in  the  hydrocarbon  gases  (tar)  not  included  in  the  distillation  prod- 
ucts imder  (a) ;  and  (d)  as  dust  or  soot  carried  mechanically  out 
of  the  producer  by  the  gases  and  deposited  in  the  pipes.  All  of 
these  items  are  susceptible  of  determination  with  a  degree  of  accu- 
racy sufficient  for  engineering  work. 

K  we  let  Cf  represent  the  weight  of  total  carbon  in  a  pound  of 
the  fuel  used,  as  determined  by  chemical  analysis; 

Cg  the  total  weight  of  carbon  that  can  be  accounted  for,  by 

computation  from  chemical  analysis,  in  a  standard  cubic 

foot  of  the  producer  gas  made; 
Cr  the  weight  of  carbon  which  appears  in  the  refuse  per  pound 

of  fuel  fired ; 
Ct  the  weight  of  carbon  that  appears  in  tar  per  standard  cubic 

foot  X)f  producer  gas ; 
C,  the  weight  of  carbon  appearing  in  soot  or  dust  per  standard 

cubic  foot  of  producer  gas;  and 
V  the  ntmiber  of  standard  cubic  feet  of  producer  gas  made 

per  pound  of  fuel  fired, 
we  must  have  the  relation 

Q-C,=  F(Q  +  C,  +  a, 
from  which 

C  —  C 
V  =  r  l^r  ^r   standard  cu  ft.  per  lb.  of  fuel  fired.      (31) 

Cf  and  Cr  are  determined  from  the  chemical  analysis  of  fuel  and 
refuse.  See  Chap.  XIII.  Cg  is  computed  from  the  volumetric 
chemical  analysis  of  the  producer  gas.  The  determination  of  C, 
and  of  C,  needs  further  consideration. 

Determination  of  Tar  and  Soot,  —  There  are  several  types  of 
apparatus  which  may  be  used  for  the  quantitative  determination 
of  tar.  In  some  of  them  the  tar  is  taken  out  of  the  gas  by  means 
of  alcohol,  in  others  some  kind  of  a  dry  filter  (dried  asbestos  fiber 
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or  wool)  is  used.     The  method  given  by  TJeftmnk*  belongs  to  I 
the  first  class. 

The  apparatus  is  shown  in  Fig,  548.    It  consists  of  a  cylinder »  | 
which  is  fitted  with  a  tight-fitting  cover  b  held  on  by  clamps  it 
The  tube  eg,  through  which  the  gas  enters,  reaches  nearly  to  the 


Fio.  S48, — TiEFTBUNK  Apparatus  fob  Tab  DETBBifiNATioN. 

bottom  of  a.  Over  the  lower  end  of  g  there  are  slipped  five  or  ai 
bell-shaped  brass  plates  k,  perforated  with  holes  1.5  mm.  in  diam- 
eter and  5  mm.  apart.  Cylinder  a  is  filled  with  alcohol  (30  to  5; 
per  cent  by  volume)  to  a  height  sufficient  to  cover  the  last  plate. 
The  gas,  after  bubbling  up  through  the  alcohol,  leaves  through^ 
and  passes  ne.\t  through  a  U-tube  /  filled  with  cotton.  The  kl 
cylinder  in  the  series,  which  the  gas  enters  at  e,  is  filled  at  o  with 
cellulose,  and  upon  this  rests  a  column  mm  of  bog-iron  ore,  separatoi 
from  the  cellulose  by  a  filter  paper.  This  cylinder  is  used  to  tatt 
HjS  out  of  the  gas,  which  is  done  for  the  purpose  of  protecting  the 
delicate  gas  meter  connected  to  the  outlet  p.  The  gas  is  draira 
through  the  eutire  apparatus  by  means  of  some  type  of  aspiratoc 
pump  connected  beyond  the  gas  meter.  In  case  of  producer  gas,  tls 
use  of  the  H^S  absorption  apparatus  may  be  dispensed  with,  and  the 
same  may  be  done  for  any  gas  if  some  device  other  than  a  gas  meta. 
as  [or  instance  a  gasometer,  be  used  to  draw  and  measure  the  gas. 
*  Winkler,  Industriegase,  Vol.  II,  p.  51;  also  Hempel-Deiuus,  Gas  Analyse 
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Since  the  gas  sample  for  this  test  must  be  taken  close  to  the  pro- 
ducer, ahead  of  the  scrubber,  the  gas  is  apt  to  be  too  hot  to  be  taken 
directly  into  the  apparatus,  and  for  that  reason  a  glass  condenser 
(not  shown  in  Fig.  548,  see  E  in  Fig.  549)  is  interposed  between 
the  tube  c  and  the  gas-sampling  tube  in  the  gas  flue.  The  porcelain 
sampling  tube  is  open  at  the  end,  and  is  introduced  into  the  gas 
main  through  a  gas-tight  stufl&ng  box.  The  end  of  the  sampling 
tube  must,  of  course,  face  the  gas  stream.  The  connection  between 
sampling  tube  and  condenser  cannot  be  made  by  rubber  tubing, 
on  account  of  the  heat,  and  it  is  usually  necessary  to  make  some 
kind  of  a  coupling  with  a  stuffing  gland  at  each  end.  The  con- 
denser is  tilted  toward  the  alcohol  cylinder,  so  that  the  tarry  gases 
condensing  in  it  will  flow  into  the  cylinder  by  gravity  as  far  as 
possible. 

The  minimum  quantity  of  gas  that  should  be  passed  through  the 
apparatus  is  about  20  cubic  feet,  the  suction  pxunp  being  so  regu- 
lated that  not  more  than  1.5  to  2.0  cubic  feet  passes  per  hoiu*. 
The  soot  and  tar  collect  in  the  sampling  tube,  the  condenser,  and  in 
the  alcohol  cylinder.  If  any  of  the  tar  should  pass  the  latter,  the 
cotton  in  /  will  be  colored  brown.  At  the  end  of  the  test,  after 
noting  the  exact  volume  of  gas  that  has  passed,  together  with  pres- 
sure and  temperature  at  the  meter,  the  apparatus  is  taken  apart 
ajid  transported  to  the  chemical  laboratory.  Here  all  traces  of 
soot  and  tar  in  condenser  and  sampling  tube  are  carefully  washed 
out  with  alcohol  and  added  to  the  contents  of  the  cylinder  (the  tax 
is  extracted  from  the  cotton  by  means  of  carbon  disulphide,  if  that 
should  be  necessary).  The  chemical  determination  of  the  amount 
of  carbon  carried  by  the  material  collected  is  then  made.  Since 
neither  the  operation  of  washing,  nor  extraction,  can  be  done  by  the 
engineer  in  the  field,  and  since  the  determination  of  the  carbon 
must  be  done  by  a  chemist,  no  further  directions  will  be  given,  but 
the  student  is  referred  to  books  on  chemistry. 

The  second  type  of  apparatus  is  simpler,  and  by  means  of  it,  tar, 
soot,  and  water  vapor  may  be  determined.  It  is  known  as  Lord's 
apparatus,  Fig.  549.  The  following  description  of  its  action  is 
trken  from  Wyer.* 

♦  S.  S.  Wyer,  "  Producer  Gas  and  Gas  Producers." 


aaa  expesocextal  esguulkvu^ 

ID  the  gki  due;  .i  is  ui  »""-"I-»t'  jadtet  *!«  r»nm*trfig  f£_  siui  oas  p^^ 
coiuiectki05  ax  />  and  C.  Lne  steam  h  biamu.  in  ax  i>.  ami  oa.  i: 
C.  the  object  ot'  this  being  to  keep  the  tfimi^unirr  of  che  inai  p^ 
betmr  the  point  at  vhich  the  iron  wnnki  act  oa  CO^.  Hie  sj] 
aeciire  a  aomoent  coofin^  and  yet  wiD  lea'rc  tlie  tcmpezaiizE  nm 
«kK^  to  pm-ent  the  andensuiQa  oi  mastta^-  K  b  aa.  cc!S- 
nary  condenacr  throogh  which  cold  wazo  a  cxrcoiaxed.     f  e  a 


Fic  540-  — LoBDS  JirmxAxv*  rOK  Tas  ud  Soot  DcTKixixuaav. 

small  fiask  nlled  with  ignited  asbestos  fiber  and  containing  a  ther- 
mometer  G.  J  and  L  are  tanks  filled  with  water  aad  connected  at 
K.  /  is  a  valve,  fl  is  a  rubber  tube,  connecting  J  and  F.  Q\i 
a  thermometer  placed  in  a  sto[q>er  in  a  pipe  with  vatve  R.  the  objeci 
of  this  valve  being  to  make  it  posable  to  ranove  tiie  therTDometei 
when  gas  is  in  the  tank  J.  M  is  a  float  to  which  is  fastened  the 
cur\'ed  tube  ,V.  which  acts  as  a  siplMHi  and  wfaicfa  has  a  small  nozzle 
O,  with  a  pinchcock  P  on  the  rubber  connecticMi.  The  object  oi 
the  float  and  tube  is  to  keep  a  constant  head  above  the  nozzle,  and 
thus  insure  a  uniform  flow  throu^  iL  The  operation  of  the  taut 
is  as  follows:  Disconnect  the  rubber  tube  B  and  fill  the  tanks } 
and  L  with  water  until  they  OT'erflow  at  the  ^-alve  /;  fill  the  siphon 
.V  with  water  and  close  the  stopcock  P.  attadi  the  rubber  tube  fl 
to  stopcock  /.  circulate  water  throu^  the  condenser  E.  and  steam 
through  the  water  Jacket  .4.  Then  open  valv«  P;  the  water  wiD 
be  drawn  out  of  tanks  L  and  /,  and  the  gas  will  be  ttrawn  through 
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condenser  E,  flask  F,  and  tube  H  into  the  top  of  the  tank  /.  The 
water  in  excess  of  the  saturation  of  the  gas  at  the  temperature  of 
the  small  flask  is  condensed,  and  any  tar  and  soot  in  the  gas  retained 
in  the  ignited  asbestos  in  the  flask.  After  the  test,  the  flask  and 
its  contents  are  weighed,  and  the  increase  over  the  weight  taken 
before  the  test  gives  the  quantity  of  the  tar  and  water  condensed 
from  the  volimie  of  the  gas  which  has  passed  through  the  flask. 
This  volume  is  determined  by  measuring  the  quantity  of  water 
which  had  run  out  of  the  aspirating  tank  /. 

**  The  quantity  of  water  remaining  in  the  gas,  after  passing  out  of 
the  little  flask  used  as  a  receiver,  is  calculated  from  the  temperature 
of  the  issuing  gas,  which  was  satiurated  with  water  vapor.  The 
water  in  the  gas  is  then  the  sum  of  the  permanent  vapor  and  that 
condensed.  The  water  in  the  flask  is  determined  by  drying  the 
contents  over  sulphuric  add  to  constant  weight  and  determining 
the  loss.  The  dry  contents  are  then  ignited  and  the  further  loss 
of  weight  estimated  as  soot  and  tar. 


(( 


Let    B  =  barometric  pressure. 

Tt  =  temperature  of  gas  in  tank. 
Tb  «  temperature  of  gas  in  flask. 
Vt  =  volume  of  wet  gas  in  tank  at  temperature  Tt. 
Vs  =  Vt  reduced  to  32°  F.  and  14.7  pounds  per  square  inch. 
Vd  =  volume  of  dry  gas  at  32°  F.  and  14.7  jwunds  per  square  inch. 
Bi  =  aqueous  tension  of  water  vapor  corresponding  to  TL 
Bb  =  aqueous  tension  of  water  vapor  corresponding  to  Tb. 
W  =  weight  of  I  cubic  foot  of  water  vapor  corresponding  to  Tb. 
Wb  =  weight  of  water  vapor  condensed  in  flask. 
Wt  =  weight  of  permanent  water  vapor  in  volume  Vs. 


Bb 
B 

Bt 
B 


percentage  by  volume  of  water  vapor  in  flask, 
percentage  by  voliune  of  water  vapor  in  Vs. 


Vd=^  Vs 


(■  - 1} 


Vs-r^  ^  total  volume  of  permanent  water  vapor  in  Vs. 
B 

Vs^W^Wt. 
B 

Wt  -f-  Wh  -  total  wei^t  of  water  carried  in  volume,  F(f ,  of  gas. 


>» 
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If  in  this  apparatus  a  porcelain  collecting  tube  instead  of  the  iron 
be  used,  the  heater  may  be  dispensed  with,  in  case  the  test  is  made 
on  raw  (hot)  producer  gas.  Further,  for  the  purpose  in  \T€Tr, 
which  is  the  determination  of  the  weights  of  carbon  in  the  tar  and 
soot,  this  procedure  must  be  changed  in  so  far  that,  after  dr}iiig 
the  flask  to  constant  weight,  the  percentage  of  C  in  the  excess  weight 
remaining  must  be  determined  by  chemical  means.  It  need  hardly 
be  said  that,  where  a  good  meter  (of  the  type  of  the  Junker  calorim- 
eter) and  a  suction  pump  is  available,  vessels  /  and  L  may  be  dis- 
pensed with. 

The  follo^dng  is  an  example  of  the  chemical  method  of  determin- 
ing the  volume  of  gas  made  per  pound  of  fuel. 

Analysis  of  coal:  H]0,  1.61  per  cent;  Ci,  74.95  per  cent;  Ha,  4^1  per  cent; 
S,  1. 1 7  per  cent;  ash,  14.09  per  cent. 

Analysb  of  gas:  COt,  2.1 1  per  cent,  by  voL;  CiH^,  .30  per  cent;  Ot,  2.63  per 
cent;  CO,  25.83  per  cent;  CH4,  2.10  per  cent;  Hi,  8.10  per  cent;  Nj.  58.93  per 
cent. 

.Analysis  of  ash:  10  per  cent  C,. 

Percentage  of  refuse  b  15.6a 

Tar  and  soot  determination:  15.96  cubic  feet  of  gas  (at  a  vacuum  of  3  incbes 
of  water  and  a  temperature  of  80°  F.)  showed  .3909  gram  of  C  in  tar  and  soot 

Here  O  =  .7405  ^see  page  SS5). 

Cq  is  found  as  follows  the  gases  canning  carbon  being  CO*.  CO,  CH4.  and 
C,H,^ : 


Cu'ic  Feet  Present  in  x      Wei,:ht  erf  Carboa  ia  x  Wesght  <A  CorLoo  n: 

Kind  of  Ois.  >tj.n.iar.i  Cubic  Foot         Standird  Cabk  FooC  Farh  JLiz.-*  of  Gz< 

of  Producer  Gas.  of  the  Rind  of  Gss.  Prrs<at. 


C<>:   .    -  on  I  0334*  .00070 

CO  .25^3  0334  OOfrC^ 

CHi  0:10  0334  00070 

CjH^  .    .  0030  .066S  oocro 

Cg  ==     oiorS 

•  To  sho-a  the   itrivat:...r»  ...:  this,  uc  kivc:  i  lb.  C  proiiucrs  3-NS  Ib».  CChi  aaii  undrr  stAsiird   ao- 
ditii-»n.>  the  weight  of  CCh  =  .iz\ii  ib.  per  cu.  ft-     Hence  the  weight  at  cuboo  per  cxl  fi. 


—  .o:,>iIb. 

C-.  the  weight  of  carbon  lost  in  ash  =  10  per  cent  of  .1560  =*  .0156  pound 
per  pound  of  fueL 

Ct-^Ct  — '  -    =  .00005  pound  per  cubic  foot  of  gas. 

453.6  X  1506 
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Here  453.6  is  the  number  of  grams  per  pound.  The  volume  of  gas  (15.96 
cubic  feet)  has  not  been  changed  to  standard  conditions  in  this  case,  as  the 
correction  would  not  amoimt  to  anything,  in  view  of  the  small  weight  of  carbon. 

The  gas  made  per  pound  of  coal  from  the  above  data  and  equation  (31)  will 
then  be 

V  =  ^  ^^~^'       =    .7495  -  ■oi56_  ^  standard  cubic  feet. 

Cg  -\-Ct  -f  Ct      .01028  -h  .00005 

390.  The  Testing  of  Gas  Producers  and  of  Gas  Engines.  —  A 

code  for  testing  gas  engines  was  adopted  and  published  by  the 
American  Society  of  Mechanical  Engineers  as  an  Appendix  to  the 
"  Steam  Engine  Code  "  in  Vol.  XXIV  (1902)  of  the  Transactions. 
This  was  followed  in  1905  by  a  code  adopted  by  the  British  Insti- 
tution of  Civil  Engineers.  Finally  in  1906  the  Verein  deutscher 
Ingenieure  adopted  a  code  which  was  translated  by  Mr.  F.  E.  Junge 
and  published  in  Power,  Feb.,  1907.  The  latter  code  also  takes  up 
the  matter  of  testing  gas  producers. 

While  these  codes  contain  a  lot  of  valuable  information,  it  is 
true,  particularly  of  the  American  code,  that  the  information  given 
in  many  cases  is  not  suflSciently  detailed  to  guide  a  student  com- 
pletely. These  matters  have  therefore  been  taken  up  at  greater 
length  in  the  preceding  paragraphs  in  this  chapter,  and  their  dis- 
cussion will  be  completed  in  the  paragraphs  following.  Other 
provisions  of  the  code  (those  referring  to  the  calibration  of  instru- 
ments, determination  of  brake  horse-power,  etc.)  have  already  been 
fully  discussed  in  other  parts  of  this  book.  It  is  therefore  judged 
best  not  to  publish  any  of  the  gas-engine  codes  in  full,  but  to  set 
forth  the  main  viewpoints  determining  the  arrangements  necessary 
for  a  test  of  a  gas  producer  or  a  gas  engine,  and  to  incorporate  into 
the  discussion  those  parts  of  the  codes  that  are  pertinent  and  are 
not  covered  in  any  other  parts  of  this  book. 

391.  Directions  for  Testing  a  Gas  Producer.  —  The  object  of  the 
test  is,  in  general,  to  determine  either  efficiency,  or  capacity, or  both. 
Secondary  objects  may  be  to  find  the  most  suitable  fuel  for  any 
given  type  of  producer,  to  determine  the  best  ratio  of  water  to  air 
for  any  given  fuel,  to  determine  the  tar  and  water- vapor  content 
of  the  gas  made,  etc. 

The  capacity  of  a  producer  is  usually  stated  either  as  the  horse- 
power it  is  capable  of  supplying  in  gas  engines,  or  as  the  number 
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of  pounds  of  coal  that  each  square  foot  of  producer-grate  area  will 
convert  into  gas  per  hour  (so-called  gasification  capacity).  Sina 
engines  differ  as  to  the  amount  of  gas  required  per  horse-power  hour, 
and  different  fuels  show  quite  different  gasification  qualities,  it 
must  be  evident  that  either  method  of  rating  capacity  requires 
definite  specifications  as  to  engines  or  fuek.  This  is  a  matter  that 
must  be  carefully  covered  in  the  guarantee. 

Capacity  tests  are  a  simple  matter  as  it  is  generally  only  neces- 
sary to  load  up  a  producer  either  by  sufficient  engine  capacity  or 
by  removing  the  gas  made  in  some  other  manner  and  observing 
whether  the  plant  will  stand  up  to  this  service  for  the  time  specified 
in  the  contract.  Measurement  of  engine  output,  or  of  fuel  con- 
sumed, is  really  all  that  is  required. 

It  will  be  assumed,  however,  that  it  is  desired  to  make  an  efficiency 
test  and  to  establish,  as  far  as  possible,  a  complete  heat  balance. 
For  that  purpose  the  following  requirements  should  be  met  and 
arrangements  must  be  made  to  determine  the  following  items. 
In  any  given  case,  modifications  and  simplifications  may  be  intro- 
duced to  suit  the  particular  object  in  view. 

1 .  Examine  the  producer  for  defects  and  remedy  these  if  a  max- 
imum efficiency  test  is  to  be  made.  Determine  the  dimensions  of 
the  grate,  the  contour  of  the  walls,  and  make  sketches  of  any  un- 
usual constructive  details. 

2.  Duration  of  Trial. — The  viewpoints  which  control  this  are 
very  much  the  same  as  for  a  boiler  test.  On  account  of  the  difficulty 
of  properly  judging  the  contents  of  a  producer,  a  trial  should  never 
be  less  than  8  hours  in  duration,  and  preferably  not  less  than  12. 
It  depends,  of  course,  upon  the  usage  in  the  particular  plant  if  a 
plant  test  is  desired,  as  to  whether  a  test  can  be  extended  beyond 
8  or  10  hours  or  not. 

3.  Starting  and  Stopping.  —  The  producer  should  be  thoroughly 
heated  before  starting  a  test,  i.  e.,  it  must  be  in  operation  for  a  suffi- 
cient length  of  time  (not  less  than  24  hours)under  normal  conditions, 
and  if  possible  on  the  same  grade  of  fuel,  to  allow  of  the  attainment 
of  average  normal  temperature  in  brick  work,  flues,  etc.  The 
condition  of  the  fuel  bed  must,  of  course,  be  the  same  at  the  end  as 
at  the  beginning.    Note,  at  the  beginning,  the  position  of  the  ash 
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and  incandescent  zone,  the  upper  level  of  the  fuel  bed,  and  its  con- 
dition with  respect  to  covering  of  green  fuel,  etc.  During  the  trial, 
maintain  these  conditions  as  nearly  as  possible,  cleaning  out  ash, 
poking  fire,  etc.,  the  same  as  in  ordinary  operation,  and  at  the  end 
have  the  conditions  the  same  as  at  the  beginning,  as  nearly  as 
possible.  Clean  out  the  ash  pit  immediately  before  the  beginning 
and  before  the  end  of  the  trial.  If  it  is  not  possible  to  remove  ashes 
and  clinker  during  the  trial,  shut  down  the  producer  inmiediately 
after  the  expiration  of  the  time,  dean  out  the  refuse,  and  bring  the 
fuel  bed  to  the  initial  condition  at  the  start.  The  fuel  so  used  must 
be  added  to  that  used  during  the  trial. 

If  the  plant  uses  an  auxiliary  boiler  to  furnish  steam  to  the  pro- 
ducer, the  start  and  stop  of  the  test  with  resf)ect  to  this  auxiliary 
should  be  managed  exactly  as  laid  down  in  the  code  for  boiler 
testing. 

4.  Conducting  the  Trial.  —  Arrangements  must  be  made  to  make 
the  demand  for  gas  uniform,  as  far  as  possible.  Uniformity  of  con- 
ditions should  also  prevail  with  resf)ect  to  steam  pressure  and  air 
blast  (in  the  case  of  a  pressure  plant) ;  quantity  of  water  supplied 
to  the  air  (in  case  of  a  suction  plant) ;  thickness  of  fuel  bed  and  ash 
column;  frequency  of  firing  and  amount  of  fuel  fired;  poking  fire 
and  interval  between  cleaning  fires. 

Keep  as  complete  a  record  as  possible.  Record  the  time  of  every 
observation  of  weight,  temf)erature,  etc.,  and  take  note  of  every 
event,  however  unimportant  it  may  seem  at  the  time. 

5.  Observations  and  Calculations  Required,  —  (a)  Weight  of  fuel 
and  refuse.  The  sampling  is  carried  out  as  outlined  under  Boiler 
Tests. 

In  some  types  of  producers  the  raking  out  of  ash  may  bring  down 
some  unbumed  fuel.  This  may  either  be  returned  to  the  producer 
or  its  weight  may  be  subtracted  from  the  weight  of  fuel  used.  Any 
imburned  fuel,  however,  that  falls  through  the  grate  while  the 
producer  is  operating  normally  must  be  counted  as  refuse.  Neither 
can  an  allowance  be  made  for  any  fuel  dust  that  gathers  in  the 
pipes  and  flues  during  a  long-continued  test. 

Any  fuel  used  by  an  auxiliary  boiler  for  furnishing  steam  must 
be  added  to  the  fuel  used  by  the  producer. 


894 


EXPERIMENTAL  ENGEsTXRIXG 


Laborator}'  samples  of  fuel  and  refuse  must  be  taken  in  the  usual 
way.  In  some  cases  the  ash  is  wet  down  during  drawing,  or  it  is 
wet  as  it  leaves  a  producer  of  the  water-bottom  t\'pe.  In  such 
cases,  determine  the  weight  of  the  wet  ash,  after  allowing  the  water 
to  drain  off,  and  then  immediately  take  a  laboratory-  sample  in 
order  to  be  able  to  allow  for  the  water  content  and  thus  to  obtain 
weight  of  normal  ash. 

(b)  Weight  of  water  supplied  to  the  jHxxiiicer.  In  case  of  a 
pressure  plant,  this  is  foimd  by  weighing  the  feed  water  to  tie 
auxiliary'  boiler  and  determining  the  quality  of  steam  at  the  pro- 
ducer. When  the  steam  for  blowing  purposes  is  taken  from  a 
batter\-  of  boilers  which  are  also  used  for  other  purposes,  nozzle 
or  orifice  measurement  of  the  flow  in  the  supyply  pipe  to  the  pro- 
ducer mav  be  resorted  to. 

In  a  suction-gas  plant  the  water  supplied  the  v-aporizer  must  be 
accounted  for.  If  the  \apori2er  is  fitted  with  an  overnow  lo  main- 
tain constant  level,  the  water  wasted,  together  with  its  temper- 
ature, must  be  determined. 

.\nother  way  to  determine  the  steam  or  water  ST::ppIied  to  i 
producer  of  either  t}pe  is  based  up«?n  the  coc:ii«ieraiioii  that  the 
hydrogen  and  w^ter  vapor  in  the  resulting  gas  ziust  ci.m-r  from  the 
foKowinii  54.-»urce>:  moisture  in  coal,  hvdro'zen  iias  in  c^.n!.  hiimidiiv 
in  air  used,  and  steam  supplied.  The  supply  ir-'.-n  ill  -if  ih-  s«jiirct>i 
but  the  last  can  be  easily  found,  so  that  the  last  may  be  ■ietenninbi 
bv  dinerer.ce. 

■c*"  Weight  or  volume  of  air  supplieii.  This  measur-ement  is  I 
dimcult.  in  s«?me  cases  impossible,  to  make  -iirectly.  The  T^cigh: 
or  :he  air  that  must  have  teen  supplied  can  usually  be  ■:c  tainei  by 
compu:ati-?n  or.  the  basis  of  gas  or  fuel  analysis  and  vvlume  :: 
weight  of  gas  prxiuced.  This  computation  is  -^''^^'.r  to  tiat  macti 
for  due  g^5.     See  Chapter  XUl. 

/    Huniidity  of  air  supph".    This  should  be  determizie-i  in  everrl 
case.     It  mav  be  found  bv  the  wet  and  drv  bclb  theme- meter  g 
srme  other  form  of  hygrometer.     See  Chapter  XXili- 

-•    -\nal>"5is  of  fuel  and  gas.  and  heating  value  of  gas.     A  coa- 
plc:e  prc^iucer  test  requires  the  ultimate  analy^  of  the  fuei 
See  Chapter  XIII.    The  methods  of  sirnpfing  Ami  anjly 
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^  been  discussed  in  Art.  386.    The  gas  should  be 

*  and  dust.    See  Art.  389. 

alue  of  the  gas  should,  if  possible,  be  determined 

»y  means  of  a  calorimeter. 

<r  weight  of  gas  made.    This  may  in  some  cases 

;ured,  but  can  in  all  cases  be  computed  with  fair 

2  basis  of  fuel,  gas,  ash,  and  tar  analysis.    See 


u"e  observations.  The  following  temf>eratures 
:  of  external  air  and  of  air  in  the  producer  room, 
i  leaving  the  economizer  or  preheater,  if  one  is 
^  of  air  and  steam  entering  the  producer;  of  gas 
ucer,  leaving  the  economizer,  leaving  the  washing 
the  gas  main);  of  feed  water  to  auxiliary  boiler 
mt;  or  of  water  entering  vaporizer  in  a  suction 
ig  overflow  from  vaporizer  if  necessary). 
nperatures  can  usually  be  obtained  with  the  ordi- 
lermometer,  except  the  temperature  of  the  gas 
icer,  which  will  require  a  pyrometer. 
Dservations.  These  should  be  as  follows:  barom- 
room,  steam  pressure  (in  pressure  plant),  pressure 
er  or  mercury  of  mixture  of  air  and  steam  enter- 
gas  leaving  producer,  and  of  gas  in  main  beyond 
^aratus. 

form  for  recording  observations  and  the  results  of 
sed  upon  them  is,  with  a  few  minor  changes,  given 
I  his  book  on  "  Producer  Gas  and  Gas  Producers." 

:a  and  Results  of  Gas  Producer  Test. 
General  Data, 

letennine 

'ses  made  by 

«r 

by 

ition 


1 


896  EXPERIMENTAL  ENGINEERING 


General  Data.  —  Ctmiinmed. 

9.  Form  of  ash  pit 

10.  Form  of  blower 

11.  State  of  weather 

12.  Barometer  in  producer  room 

13.  Date  of  test 

14.  Duration  of  test 

Dimensions  of  Producer. 

A  complete  description  and  drawings  of  producer  should  be  given  on  an 
annexed  sheet. 

15.  Grate  surface Width Length 

Diameter Area 

16.  Height  of  bed  of  ashes 

17.  Height  of  top  of  fire  above  grate 

18.  Thickness  of  ash  zone 

19.  Position  of  air  pipes 

20.  Position  of  steam  inlets 

21.  Diameter  of  producer 

22.  Inclination  of  bosh  wall 

Average  Pressures. 

23.  Steam  pressure  near  nozzle  (lbs.  per  sq.  in.) 

24.  Force  of  draft  in  ash  pit  (in.  of  water) 

25.  Force  of  draft  in  gas  flue  (in.  of  water) 

26.  Steam  pressure  in  auxiliary  boiler  (lbs.  per  sq.  in.) 


Average  Temperatures 

27.  Of  external  air 

28.  Of  producer  room 

29.  Of  steam  near  nozzle 

30.  Of  air  entering  preheater 

31.  Of  air  entering  producer 

32.  Number  of  degrees  of  preheating 

;^^.  Of  escaping  gases  from  producer 

34.  Of  escaping  gases  from  economizer 

35.  Of  ash  pit 

36.  Of  feed  water  entering  auxiliary  boiler 

37.  Of  water  entering  vaporizer 

^8,  Of  water  leaving  vaporizer 
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Pud. 

Itkm 

rf  fud  fired ^ 

mdsture  in  fud 

>f  dry  fuel  consumed 

»f  ashes  as  drawn  out 

moisture  in  ashes 

»f  dry  ashes 

carbon  in  dry  ashes 

tible  consumed 

incombustible  in  dry  fud 

ible  consumed  in  auxiliary  boiler 

ible  required  to  generate  the  steam  used  in  producer,  if  the 

s  used  without  its  own  auxiliary  boiler 

of  combustible  used  in  the  production  of  the  gas 


Proximate  Analysis  of  Fuel. 


Of  Fuel, 
Per  Cent. 

Of  Combustible, 
Per  Cent. 

a 

tter 

100  per  cent 

100  per  cent 

Miratdy  determined. 


UlUmate  Analysis  of  Fuel. 


Of  Fuel, 
Per  Cent. 

Of  CombusUble, 
Per  Cent. 

a..... 

•*/•  ••••  •••• 

) 

/ 

1 

1 

100  per  cent 

100  percent 

nqde  of  fad  as  recdved. 
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Analysis  of  Ash  and  Refuse, 

63.   Carbon 

.64.  Earthy  matter 

Consumption  of  Fuel. 

65.  Total  fuel  consumed  per  hour  in  running  producer 

66.  Total  combustible  consumed  per  hour  in  running  producer 

67.  Dry  fuel  per  square  foot  of  grate  surface  per  hour  consumed  in  producer 

itself 

Calorific  Value  of  Fuel. 

68.  Calorific  value  by  oxygen  calorimeter  per  pound  of  dry  fuel B.tu. 

69.  Calorific  value  by  oxygen  calorimeter  per  pound  of  combustible ....  B.tu. 

70.  Calorific  value  by  analysis  per  pound  of  dry  fuel B.tu. 

71.  Calorific  value  by  analysis  per  pound  of  combustible B.tu. 

Quality  of  Steam. 

72.  Percentage  of  moisture  in  steam 

73.  Number  of  degrees  of  superheating 

Quantity  of  Steam. 

74.  Actual  wei^t  of  steam  per  hour 

75.  Ratio  of  steam  to  air  supply 

Quantity  of  Air. 

76.  Absolute  humidity 

77.  Actual  weight  of  air  per  hour 

Water. 

78.  Total  weight  of  water  used  in  vaporizer 

79.  Number  of  heat  units  carried  out  per  pound  of  fuel 

Efficiency. 

80.  Grate  efficiency  of  producer 

81.  Hot-gas  efficiency 

S2.   Cold-gas  efficiency 

Cost  of  Gasification. 

S^.   Cost  of  fuel  per  ton  delivered  in  producer  room 

84.   Cost  per  British  thermal  unit  in  gas 

Poking. 

S-.   Method  of  poking 

86.   Frequency  of  poking 
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Firing, 

87.  Method  of  firing 

SS.  Average  intervals  between  firing 

89.  Average  amount  of  fuel  charged  each  time 

Gas  Analysis. 

Per  Cent. 

90.  Carbon  dioxide  (COi) 

91.  Carbon  monoxide  (CO)  , 

92.  Oxygen  (O) 

93.  Hydrogen  (H) 

94.  Marsh  gas  (CH4) 

95.  Olefiant  gas  (CaH4) 

96.  Sulphur  dioxide  (SOi) 

97.  Nitrogen  (N)  by  difference 

100  per  cent 

98.  Pounds  moisture  in  gas  per  poimd  of  fuel 

99.  Pounds  soot  and  tar  in  gas  per  pound  of  fuel 

JOG.  Calorific  value  of  gas  from  analysis 

loi.  Calorific  value  of  gas  determined  with  calorimeter 

102.  Specific  heat  of  gas 

103.  Figure  of  merit  of  gas 

C 

104.  Carbon  ratio  — 

105.  Volume  of  gas  per  pound  of  fuel 

In  this  table  the  method  of  obtaining  all  of  the  items  with  the 
possible  exception  of  the  efficiencies  (items  80  to  82)  and  of  the 
figure  of  merit  (item  103)  should  be  clear.  These  will  be  considered 
in  the  next  article  in  connection  with  the  heat  balance. 

392.  The  Heat  Balance  of  a  Gas  Producer.  —  There  are  two 
methods  of  establishing  a  heat  balance  for  a  gas  producer.  In  the 
first,  the  heat  interchanges  in  the  endothermic  and  exothermic 
reactions  occurring  in  the  process  are  computed  and  a  balance 
established  between  these  in  connection  with  the  heat  supplied  in 
air  and  steam  and  that  accounted  for  in  sensible  heat  of  the  gas. 
The  item  necessary  to  complete  the  balance  is  the  radiation  loss. 
This  method  is  scientifically  very  interesting  but  rather  involved.* 

*  See  an  article  by  K.  Wendt  on  "  Untersuchungen  an  Gaserzeugem,''  in  the 
Zeitsckrift  des  Vereins  detUscher  Ingeni^urCf  Nov.  28,  1904.  Detailed  computa- 
tions tire  there  given.  _•.,'. 
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The  second  method  is  much  simpler  and  serves  very  well  for  al 
ordinar}'  purposes.  It  is  based  simply  upon  the  principle  of  (I) 
accounting  for  all  the  heat  supplied  to  a  producer,  and  (II)  account- 
ing for  all  the  heat  that  reappears  in  gas,  etc.  The  discrq)aiKy 
between  these  two  accoimts  is  assimied  to  be  the  loss  by  radiation, 
conduction,  etc.  The  heat  balance  is  nearly  always  established  on 
the  basis  of  unit  weight  of  fuel. 

(^T"^  Ileai  Supplied  io  Producer.  —  This  consists  of  the  heat  in  the 
cixil  and  of  the  heat  in  the  air-steam  mixture  per  imit  wei^t  (rf 
cixU. 

^.i"^  Heat  value  of  imit  weight  of  fuel  =  Qx  B.t.u.  (32) 

^,2^  Heat  in  air-steam  mixture  consists  of  three  parts:  (a)  heat  in 
air;  \V\  heat  in  humidity  in  air,  and  (c)  heat  in  steam  supplied- 
All  those  are  computed  above  some  reference  temperature  in 
which  is  usually  taken  at  the  temf>erature  of  the  room  that  obtained 
during  the  lest.  The  mixture  has  a  final  temperature,  /«,  asit 
enters  the  producer,  while  the  pressure  is  either  slightly  below  or 
slightly  alx^ve  barometer  pressure,  def)ending  upon  the  type  of 
prvxlucer.  Under  item  (c)  the  weight  of  steam  is  determined  as 
outlined  on  page  S94.  It  may  be  assimied  that  this  steam  is  sqjcr- 
hoaioil  as  it  enters  the  producer.  The  computations  are  as  follows: 
v^i"^  Heat  in  air  supplied 

=  cU%.  (C-O  =(),B.t.u.,  (33) 

wluTo  Cf.,  =  weight  of  dry  air  per  imit  weight  of  fuel  supplied  to 

prtniucer  alone,  and 
C ,^^  =  moan  specific  heat  between  /,.  and  t^. 

yh^  Heat  in  humidity  in  air 

=  CyC,.^  (,/„  -  /.)  =  Qz  B.t.u. ,  (34) 

where  c^  =  weight  of  water  vapor  as  humidity  carried  by  Ca pounds 

of  air,  and 

c".„  =  mean  sjxxific  heat  of  the  water  vapor,  which  for  aH 
practical  purposes  may  here  be  assumed  =  46. 

vi""^  Ileal  in  steam  supplied 

=  c;. :  X  ^  C,,  KU  -  0  -  (/r  -  32)  {  =  04  B.t.u.,  (JS) 
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dgfat  of  steam  supplied  per  unit  weight  of  fuel, 
tal  heat  in  steam  at  the  partial  pressure  due  to  it 
in  the  blast  or  suction  pipe, 
»n  q)ecific  heat  between  t^  and  /«,  in  which  the 
latter  is  the  saturation  temperature  at  the  same 
pressure  for  which  X  was  found. 

i  purposes,  the  expression 

,  (1090.7  +.455  L  -  O  =  Q4  B.t.u.  (3sa) 

Hi  for  the  above  expression.    See  Chap.  XIII. 

Accounted  for.  — This  appears  in  the  following 
alue  of  the  clean  gas;  (2)  total  heat  of  the  water 
IS  made;  (3)  heat  of  combustion  of  the  tar  in  gas 
t  of  combustion  of  the  soot  in  gas  as  made;  (5) 
le  gas  and  its  impurities;  (6)  heat  value  of  the  fuel 
sible  heat  of  the  refuse,  and  (8)  heat  lost  in  radia- 
etc. 
of  the  clean  gas 

=  FJJ=^6B.t.u.,  (36) 

imnber  of  standard  cubic  feet  of  gas  produced  p>er 
3und  of  fuel  supplied  to  producer,  and 
leat  value  in  B.t.u.  per  standard  cubic  foot. 

t  of  water  vapor  in  gas 

^  +  C^  (^a  -  h)  -  {tr  -  32)  1  =  g6B.t.U.,  (37) 

eight  of  water  vapor  carried  by  V  cubic  feet  of  gas, 

le  total  heat  in  steam  at  the  partial  pressure  due 

t  as  the  gas  leaves  the  producer, 

mperature  of  gas  leaving  the  producer, 

ean  q)ecific  heat  between  tg  and  /«*,  the  latter  being 

lie  saturation  temperature  for  which  X  was  de- 

ternuned. 

for  (I,  c)  above,  the  expression 

;.'  (1090.7  +  .455  ^g  -  ^)  =  ^6 B.t.u.  (37a) 

:ed  with  sufficient  accuracy. 
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(3)  and  (4).  Loss  in  tar  and  soot.  These  are  iisually  deter- 
mined together.  The  loss  is  somewhat  indeterminate,  because  the 
heat  value  of  the  tar  varies  with  its  composition.  It  may  be  ex- 
pressed by 

GtHt==Q,BX.u.,  (381 

in  which  Gt  =  the  total  weight  of  tar  and  soot  determined  in  Y 

cubic  feet  of  gas,  and 
Ht  =  heat  value  of  tar  and  soot,  which  may  be  assumed 
at  about  14,000  B.t.u.  per  poimd. 

(5)  Heat  loss  in  sensible  heat  in  gas  and  impurities.  This  loss 
is  computed  from  the  weight  of  the  individual  gases  (CO,  Hj,  COk, 
N2,  CH4,  C2H4,  etc.)  made  per  pound  of  fuel  supplied  the  producer, 
and  for  each  one  of  these  is  equal  to 

G,C^(/,-O=08B.t.u.,  (39) 

where  Gg  =  weight  of  each  gas  i>er  pound  of  fuel  supplied  to  pro- 
ducer, 
Cj^  =  mean  specific  heat  between  gas  temp)erature  t,  and 
room  temperature  Ir- 

Another  method  is  to  compute  the  average  Cp^  for  unit  weight 
of  the  producer  gas,  and  to  substitute  this  in  equation  (34) .  in  which 
case  Gg  =  total  weight  of  gas  made  per  pound  of  fuel.  It  should  be 
noted  that  under  this  head  the  sensible  heat  of  the  water  vapor, 
if  the  gas  should  contain  any,  is  not  considered,  having  been  taken 
care  of  under  (II,  2),  equation  (37)  or  (37a).  The  sensible  heat 
lost  in  tar  and  soot  is  a  negligible  quantity  in  most  cases. 

(6)  Heat  value  of  the  fuel  in  refuse.  This  computation  is  made 
in  exactly  the  same  way  as  for  the  similar  loss  in  boilers.  See 
Chap.  XVII.  On  the  assumption  that  the  combustible  part  of 
the  refuse  is  coke,  the  loss  may  be  put  equal  to 

14,540  (A  -  B)  =  Q9  B.t.u.,  (40) 

in  which  A  =  the  weight  of  refuse  (dry)  per  pound  of  coal,  and 

B  =  the  weight  of  true  ash  (as  found  by  calorimeter)  per 
pound  of  coal. 

(7)  Sensible  heat  in  refuse.     This  quantity  is  difficidt  to  deter- 
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mine  on  account  of  uncertainty  as  to  the  specific  heat  of  the  ash 
and  of  the  temperature  of  the  ash  as  it  leaves  the  producer.  If 
the  ash  is  allowed  to  rest  in  the  ash  pan  for  a  considerable  period, 
a  great  deal  of  the  heat  originally  carried  down  by  it  is  likely  to  be 
returned  to  the  producer  by  upward  currents  of  air.  In  any  case 
the  loss  through  this  source  is  small  and  may  be  neglected. 

(8)  Heat  lost  by  radiation,  conduction,  etc.,  is  determined  as 
the  difference  between  the  heat  supplied  and  the  heat  accounted 
for,  and  may  be  expressed  by 

R^HQitoi  -2^6109,  (41) 

393.  Computation  of  Gas  Producer  Efficiency.  —  The  commercial 
efficiency  of  a  producer  varies  not  only  with  the  manner  in  which 
the  various  actions  and  reactions  in  the  process  are  carried  out, 
but  also  with  the  use  to  which  the  gas  is  to  be  put.  The  gas  as 
it  leaves  the  producer  carries  two  very  distinct  quantities  of  heat, 
that  bound  as  chemical  energy  in  the  combustible  part  of  the  gas, 
and  that  designated  as  sensible  heat,  due  to  its  temperature  above 
some  reference  temperature.  There  are  commercial  uses,  as  for 
instance  the  heating  of  steel  furnaces,  reheating  furnaces,  etc.,  in 
which  we  should  strive  to  utilize,  as  fully  as  possible,  both  of  these 
quantities  of  heat.  There  are  others,  notably  the  operation  of  gas 
engines,  in  which  we  must  have  a  cold  gas  in  order  to  realize  full 
engine  capacity.  Incidentally,  we  get  this  cold  gas  because  the  gas 
must  be  thoroughly  washed  for  engine  operation.  In  such  a  case 
the  sensible  heat  is  evidently  almost  entirely  lost.  The  part  not 
used  in  a  preheater  is  carried  away  by  the  scrubber  water.  In  the 
first  case  the  useful  efeci  is  the  sum  of  the  heat  of  combustion  plus 
the  sensible  heat;  in  the  last  it  is  practically  only  the  heat  of  com- 
bustion. Evidently,  since  efficiency  is  the  quotient  of  useful  effect 
divided  by  heat  supplied  to  produce  this  effect,  the  efficiency  will 
be  different  in  the  two  cases.  That  efficiency  which  credits  the 
producer  with  the  sensible  heat  in  the  gas  is  known  as  the  hot-gas 
efficiency,  that  which  does  not  is  called  the  cold-gas  efficiency. 

Let  Hi  =  heat  value  of  one  pound  of  the  fuel  as  fired, 

H2  =  total  quantity  of  heat  of  combustion  in  the  gas  made 
per  pound  of  fuel,  and 
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H%  =■  the  sensible  heat  above  some  reference  temperature 
(usually  room  temperature)  in  the  gas  made  per 
pound  of  fuel  as  it  leaves  the  producer. 
Then 

Cold-gas  eflBdency  =  — >  (4;^ 

B\ 

Hot-gas  efficiency  =     *  _ — ^-  '\\) 

Referring  to  the  previous  article,  Hi,  in  a  soctkm  gas  producer, 
is  equal  to  item  (I.  i),  equation  (32),  of  the  beat  balance.  B^  is 
the  same  as  item  (11,  i),  equati(m  (36).  of  the  heat  balance,  while 
Ht  is  the  simi  of  items  (11,  2),  equations  (37)  or  (37a),  and  (II,  5). 
equation  (39).  The  computation  of  the  efficiencies  from  the  heat 
balance  sheet  is  therefore  a  sinqde  matter. 

Since,  however,  the  heat  balance  is  establi^ed  on  the  basis  of 
the  fuel  used  in  the  producer  amly^  the  above  efficKncy  computa- 
tions, if  based  on  the  heat-balance  items  referred  to,  will  apf^y  only 
to  a  suction-gas  plant.  In  a  pressure-gas  [dant,  in  which  fuel  is 
also  used  in  an  auxiliaiy  boiler,  the  items  of  the  heat  balance  abo\'e 
enimierated  must  therefore  be  modified.  In  most  cases  the  kind 
of  fuel  used  for  the  boiler  is  the  same  as  that  used  foe  the  producer 
and  this  will  be  assumed  here.  Then  Hi  is  the  same  as  before, 
but  for  the  computation  of  flj  and  Hi,  items  (11.  i;.  H.  2 '.  and 
(II,  5^  must  be  modified  because,  on  accoimt  of  the  greater 
amount  of  fuel  now  entering  the  computation,  the  yield  of  gas  per 
unit  weight  of  fuel  is  less.  The  new  ^-alues  of  H^  and  Hz  can  be 
found  by  multiplying  the  items  mentioned  by  the  ratio 

coal  used  in  producer 


coal  used  in  producer  +  coal  used  in  boiler 

The  ^'figure  of  merit ''  is  a  term  invented  to  compare  the  j)er- 
formances  of  various  producers  or  of  the  same  producer  imder 
difierent  conditions.  It  is  defined  as  the  heat  value  of  the  gas 
produced  per  unit  weight  of  carbon  it  contains*  auid  is  ccmputed 
by  di\i«ling  the  heat  \-aIue  per  standard  cubfc  foot  of  the  gas  by 
the  weight  of  carbon  the  standard  cubic  foot  contains.  Wyer  gi^-es 
the  following  computation  as  an  exanq>le: 
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90s 


CO,. 
CO. 
CH4 
H,.. 

N,.. 


Component  of  Gas, 
Volume  Per  Cent. 


4.0 
25-4 

15 
II. I 

58.0 
100. o 


Heat  Value  Due  to  the 

Various  Combustible 

Components,  B.t.u. 


86.86 
16.05 
38.40 


141. 31 


Weight  of  Carbon  Rep- 
resented by  the  Various 
Component  Gases,  Lbs. 


00134 
00848 
00050 


0103  2 


Hence  figure  of  merit  =  ^  '^   =  13,690  B.t.u.  per  pound  of  carbon. 

.01032 

3g4.  The  Testing  of  Gas  Engines.  —  Gas  engines,  like  steam 
engines,  may  be  tested  for  a  variety  of  purposes.  The  ordinary 
test  consists  of  the  determination  of  I.H.P.  and  B.H.P.,  and  of 
fuel  consumption.  If  this  is  carried  out  for  a  series  of  loads,  the 
test  is  practically  one  for  efl&ciency  and  capacity.  These  are  the 
usual  items  covered  in  contract  guarantees.  There  are,  however, 
a  number  of  other  things  which  may  serve  as  the  objects  of  a  test 
on  a  gas  engine,  as  for  instance,  the  interrelation  between  economy 
and  speed,  economy  and  proportion  of  fuel  mixture,  capacity  and 
proportion  of  fuel  mixture,  economy  and  capacity  with  variation 
in  jacket  temperatures,  speed  regulation  tests,*  and  a  number  of 
others.  The  important  thing,  of  course,  is  to  keep  the  ultimate 
object  clearly  in  mind  and  to  make  the  arrangements  of  the  test 
to  meet  this  object. 

In  the  following  directions  it  is  assumed  that  it  is  desired  to  make 
a  complete  capacity  and  economy  test,  from  the  computed  results 
of  which  it  will  be  possible  to  establish  a  complete  heat  balance. 
If  in  any  given  practical  case  the  aim  of  the  test  is  different, 
changes  from  the  scheme  can  be  easily  made  and  will  readily  pre- 
sent themselves. 

I.  Examine  the  engine  externally  and  internally,  especially  with 
reference  to  the  condition  of  valve  and  piston  rings,  and  take  note 
of  all  the  conditions  that  may  bear  on  the  object  of  the  test.  Fur- 
nish drawings  or  sketches  of  any  essential  parts  that  cannot  be 
clearly  described  in  words  alone. 

*  For  speed  regulation  tests,  see  Chap.  XVlll. 
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If  the  test  is  to  be  for  maximum  efl&dency  and  capacity,  aii  it- 
fects  should  be  remedied  before  the  tests.  In  case  of  a  servia 
test,  the  work  is.  of  course,  done  with  the  engine  as  found,  unless  the 
conditions  should  be  clearly  abnormal. 

2.  Determine  the  principal  dimensions  of  the  engine  — cjlindc 
diameter  or  diameters,  length  of  stroke,  etc.  This  should  be  done 
in  all  cases,  whether  dimensions  are  already  known  or  not.  and  tie 
cylinder  should  be  hot  when  the  measurement  is  taken.  Find  the 
clearance  volume.  For  the  method  of  doing  this,  see  the  Steam 
Engine  Test  Code. 

3.  Calibrate  all  the  instrumenls  used  —  indicators,  gauges,  water- 
meters,  etc., — if  possible,  both  before  and  after  the  test.  F« 
methods  of  doing  this,  see  preWous  chapters  in  thU  book. 

4.  Starting  and  Stopping  a  Test. — In  tests  to  determine  the 
maximum  efficienc\'  or  economy  of  an  engine  alwaj-s  operate  the 
machine  for  a  sufficient  length  of  time,  as  nearly  as  possible  under 
test  conditions,  to  make  sure  that  all  conditions  have  become  fairly 
constant.  Then  start  the  observations  and  continue  for  the  time 
decided  upon  imder  (5)  below. 

If  the  test  is  to  determine  the  performance  under  working  c(m- 
ditions.  the  test  should  start  when  the  engine  starts,  and  should 
continue  to  the  close  of  the  period  covering  the  day's  work. 

5.  Duration  of  Tests, — The  length  of  the  test  depends  somewhat 
upon  the  object  of  the  test.  In  the  case  of  economy  or  efiicienq- 
tests  on  an  engine  using  liquid  fuel  or  a  *'  ready-made  "  gas.  like 
natural  gas  or  illuminating  gas,  the  time  of  test,  after  constMt 
conditions  have  been  reached,  can  be  made  comparatively  short, 
and  may  in  fact  be  stopped  after  several  successive  readings,  say 
one-half  hour  apart,  have  shown  that  power  developed  and  fuel  con- 
simied  are  fairly  constant.  Tests  on  small  and  ver\'high-sp>eed  liquid 
fuel  engines,  like  automobile  engines,  sometimes  last  less  than  one 
hour  for  each  load,  the  reading  being  taken  ever}'  5  or  10  minutes. 

Where  engines  are  tested  in  connection  with  their  gas  producers, 
and  the  guarantee  is  based  upon  the  coal  consumption,  as  h 
usually  is,  the  test  should  last  not  less  than  12  hours  and  should 
preferably  continue  for  more  than  24,  on  account  of  the  difficulty 
of  determining  the  total  fuel  consumption. 
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In  case  of  service  tests  (plant  tests)  the  test,  of  course,  continues 
for  the  usual  period  of  time  covering  the  hours  of  work  in  the 
particular  plant. 

6.  Apparatus  Required,  Observations y  and  Calculations.  —  Means 
muist  be  furnished  to  determine  the  following  items: 

(a)  Indicated  horse  power.  The  factors  determining  this  quan- 
tity are  the  mean-effective  pressure  in  the  cylinder,  and  the  number 
of  revolutions  or  of  explosions. 

The  pressures  and  rotative  speeds  encoimtered  in  gas-engine 
work  are  generally  much  higher  than  those  found  in  steam-engine 
p^ractice.  This  calls  for  compact  indicators  with  moving  parts  as 
light  as  possible  consistent  with  stiffness,  the  use  of  strong  springs, 
and  the  substitution  of  the  half-size  piston  for  the  normal  one. 
On  account  of  the  high  temperature  of  the  working  medium,  ex- 
ternal spring  indicators  are  of  special  service,  although  many  of  them 
labor  imder  the  disadvantage  of  having  rather  heavy  moving  parts. 

Engines  operating  at  speeds  exceeding  500  R.P.M.  (auto  engines 
will  run  up  to  1500  or  2000  R.P.M.)  either  are  not  indicated  at  all, 
[>r  some  form  of  optical  indicator  (see  Chap.  XV)  must  be  employed. 
The  indicator  pipe  must  be  as  short  as  possible  and  without  sharp 
bends.  This  is  for  the  purpose  of  preventing  the  accumulation  of 
an  explosive  mixture  in  the  piping  and  to  reduce  pressure  loss  as 
far  as  possible. 

The  reducing  motion  may  be  of  any  type  best  adapted  to  the 
speed.    See  Chap.  XV. 

The  number  of  diagrams  to  be  taken  varies  with  the  kind  of 
engine  and  largely  also  with  the  kind  of  service  under  which  the 
engine  is  operating.  For  an  engine  which  governs  by  regulating 
the  size  of  the  charge,  i.e.,  in  which  there  are  no  misstrokes,  and 
where  the  load  is  fairly  constant,  a  single  diagram  every  10  or  15 
minutes  is  quite  sufficient.  If  the  load  varies,  the  diagrams  may 
either  be  taken  oftener,  or  a  bimdle  of  diagrams  may  be  taken 
on  the  same  card.  Where  the  load  is  very  fluctuating,  a  good 
method  is  to  operate  the  indicator  for  2  minutes  and  to  apply  the 
pencil  to  the  paper  at  successive  intervals  of  10  seconds  during  that 
period.  The  average  of  all  the  diagrams  so  obtained  is,  of  course, 
used  for  the  determination  of  I.H.P. 
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In  an  engine  governing  on  the  hit-and>miss  principle,  the  succes- 
sive cycles  occurring  between  any  two  miss  periods  are  usuaB; 
not  at  all  of  the  same  size.  In  such  a  case,  therefore,  the  pcndl 
should  be  allowed  to  trace  all  of  the  ''  hit  "  diagrams  between  tio 
successive  miss  periods,  the  average  being  used  for  the  computatkxL 

In  a  multicylinder  or  double-acting  engine,  one  indicator  tbxA 
be  furnished  for  each  cylinder  end.  The  use  of  a  three-way  cock, 
even  where  this  is  possible,  is  not  permissible. 

The  general  horse  power  formula  is 

LH.P.  =  -^^^^  (44) 

33,000  ^^' 

where,  as  before,  p  =  mean  effective  pressure  per  sq.  in.  of  piston 

/  »  length  of  stroke  in  feet,  and 
a  =  area  of  pistcm  in  sq.  in. 

X  is  the  number  of  impulses  (eiq>losioiis)  per  mmute  for  each 
operating-c>'linder  end,  and  it  should  be  pointed  out  that  this 
is  not  necessarily  the  number  of  revolutions  per  minute  in  t 
single-acting  2-cyde  machine,  or  one-half  this  number  in  a  g«gU- 
acting  4-c\'cle  engine.  It  would  be  equal  to  these  numbers  if  the 
engine  governs  by  any  of  the  so-called  "  precisioii  "  methods 
(throttUng  or  regubting  fuel  suiq>ly),  but  in  an  engine  go\-emed 
upon  the  hit-and-miss  principle,  x  is  the  number  of  **  hits  "  per 
minute  and  depends  u[x>n  the  load.  For  the  determination  of 
its  value  in  this  case,  see  (r).  p.  909. 

If  the  mean  ettective  pressure  p  is  found  from  the  work  diagram 
in  a  4-cycle  engine  (not  taking  the  lower  loop  area  into  account), 
or  from  the  power  diagram  area  in  a  2-cycle  engine,  the  I^  J^.  com- 
puted is  the  gross  indicdied  horse  pcrjDor.  In  either  engine  this 
gross  I.H.P.  is  used  in  three  ways:  useful  ^ect  (B.H.P.),  loss  in 
mechanical  friction  'jriclion  horse  power),  and  loss  in  the  punq) 
work  \fu;d  jriciion^,  the  last  being  represented  either  by  the  aica 
of  the  lower  loop  in  a  4-c\cle  diagram,  or  by  the  pump  card  in  a 
2-cycle  engine,  assimiing.  of  course,  that  the  engine  drives  its  own 
pimips.  The  net  I.H.P.  is  equal  to  the  gross  LH.P.  less  the 
IM.P.  represented  in  fluid  friction.  In  a  2-cycfe  engine,  the  fluid 
friction  horse  power  is  detennined  by  indiciting  tibe  pomp  cyfindcr 


GAS  ENGINES  AND  UAS  PR(1DlVr,R> 


or  cjtodeis.  The  ordinan-  4-o.'cle-on,ciiir  -iiajjraTn  .1t->o  n*M  show 
in  the  ordinary  case  a  sufficiently  rlcar  lowor  Lvip  to  admil  of 
integration.  For  accurate  work,a  weak  spring  card  should  hr  lakm 
in  this  case.  In  many  cases,  in  tests  on  4-t~y.-lo  cnjrinf^.  iho  ptiwor 
loss  represented  by  the  lower  loop  is  ncgl<\~tod,  although  it  may 
amount  103  or  4  per  cent  of  the  gross  l.H.r. 

(b)  The  horse  power  output.  This  is  doterminoi  for  a  (;as 
engine  the  same  as  for  a  steam  engine,  and  the  snident  i>  referred 
to  the  Steam  Engine  Code  and  to 

Chap.  X. 

(c)  Speed  and  number  of  cxplo- 
aons.  The  number  of  re\'x>lutions 
may  be  found  by  means  of  any  of 
the  speed-recording  instruments  de- 
scribed in  Chap.  V'lII.  The  number 
of  explosions  per  minute  either  bears 
stnne  definite  ratio  to  the  R.P.M.. 
m  engines  that  do  not  govern  by 
fatt-and-miss,  or  the  number  is  irreg- 
tdar  in  engines  that  arc  governed 
that  way.  as  above  pointed  out.  The 
nnmber  of  explosions  in  such  a  case 
uaoaJIy  can  be  found  by  attaching  a 
atrnke  counter  to  any  reciprocating 
part  of  the  valve  gear  which  fails  to 
miive  every  time  the  engine  makes 
a  misatroke.  Another  method,  and 
one  wfiicb  also  gives  a  historj'  of 
the  fi}Tce  of  the  explosions,  is  to  use 
an  expiasion  recorder  of  the  t>-pe  de- 

sgoed  by  Mathot.  This  instrument  is  shown  in  Fig.  550.  The 
frjUowing  is  the  description  of  its  method  of  operation,  given  by  the 
inventor  in  his  book  on  "  Modem  Gas  Engines  and  Gas  Producer 
Plants." 
The  insCrmnent  is  somewhat  similar  in  form  to  the  ordinarx- 
Its  record,  however,  is  made  on  a  paper  tape  whirh 
ly  unwound.     The  cylinder  c  is  provided  with  a 
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piston,  about  the  stem  of  which  a  spring  s  is  coHed.     A  ckd 
train  contained  in  the  chamber  b  miwinds  the  strip  of  paper  from 
the  roll  p  and  draws  it  over  the  drum  p'\  where  the  peadl  /  leaves 
the  mark.    The  tape  is  then  rewound  on  the  spindle  p\    A  small 
stylus  or  pencil  /  traces  the  atmospheric  line  on  the  paper  as  h 
passes  over  the  drum  ^".     In  order  to  obviate  the  binding  of  tk 
piston  when  subjected  to  the  high  temperature  of  the  explosions. 
the  c>-linder  c  is  provided  with  a  casing  e  in  which  water  is  circu- 
lated by  means  of  a  small  rubber  tube  which  fits  over  the  nip^k  e. 
This  recorder  analyzes  with  absolute  precision   the  work  of  all 
engines,  whatever  may  be  their  speed.     It  gives  a  continuous, 
graphic  record  from  which  the  niunber  of  explosions,  together  with 
the  initial  pressure  of  each,  can  be  determined,  and  the  order  of 
their  succession.     Consequently  the  regularity  or  irregularity  of  the 
variations  can  be  observed  and  traced  to  the  secondary  influences 
producing  them,  such  as  the  action  of  the  inlet  and  outlet  valves 
and  the  sensitiveness  of  the  governor.     It  renders  it  possible  to 
estimate  the  resistance  to  suction  and  the  back  pressure  due  to 
expelling  the  burnt  gases,  the  chief  causes  of  loss  in  efliciencj*  in 
high-speed  engines.     Furthermore,  the  influence  of  compression  is 
markedly  shown  from  the  diagram  obtained. 

The  recorder  is  mounted  on  the  engine ;  its  piston  is  driven  back 
by  each  of  the  explosions  to  a  height  corresponding  with  their 
force;  and  the  stylus  or  pencil  controlled  by  the  lever  /  records 
them  side  by  side  on  the  moving  strip  of  paper.  The  spxeed  with 
which  this  strip  is  unwound  conforms  with  the  number  of  revolu- 
tions of  the  engine  to  be  tested,  so  that  the  records  of  the  explo- 
sions arc  placed  side  by  side  clearly  and  legibly. 

Their  succession  indicates  not  only  the  number  of  explosions  and 
of  revolutions  which  occur  in  a  given  time,  but  also  their  regularity, 
the  number  of  misfires.  The  pressure  of  the  explosions  is  measured 
by  a  scale  connected  with  the  recorder  spring.  By  employing  a 
very  weak  spring  which  flexes  at  the  bottom  simply  by  the  effect  of 
the  compression  in  the  engine  cylinder,  it  is  possible  to  ascertain 
the  amount  of  the  resistance  to  suction  and  to  the  exhaust.  It  is 
simply  sufficient  to  compare  the  explosion  record  with  the  atmos- 
pheric line,  traced  by  the  stylus  /.    By  means  of  this  api>aratus, 
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ds  which  it  furnishes,  it  is  possible  analytically  to 
rk  of  an  engine,  to  ascertian  the  proportion  of  air, 
rbon  which  produces  the  most  powerful  explosion, 
compression,  the  speed,  the  time  of  ignition,  the 
d  the  like. 

lent  of  the  fuel  supply.    The  common  means  for 

uel  supply  for  gases  like  illuminating  or  natural 

;ter.    This  may  also  be  used  for  pressure-producer 

it  of  the  nature  of  the  demand,  which  is  strongly 

dally  if  only  one  cylinder  is  in  operation,  it  is  always 

reservoir  of  some  kind  between  engine  and  meter. 

;as  bag,  for  a  small  engine,  some  form  of  pressure 

hing  but  a  tank  of  sufficient  capacity  to  tone  down 

tuations.    Without  this  precaution  the  determina- 

as  pressure  at  the  meter  becomes  difficult.     Besides 

1  volume,  the  temperature  of  the  gas  at  the  meter 

ken.   The  volume  should  be  reduced  to  standard 

poimds  and  32*^  F.,  in  the  report. 

imon  method  of  determining  the  fuel  consumption 

>lant  is  to  measure  the  coal  used  in  the  producer. 

lent  of  liquid  fuels  is  made  most  simply  by  supply- 

Dm  a  tank,  calibrated  and  fitted  with  a  gauge  glass 

general  thing,  however,  it  is  more  accurate  to  weigh 

it  case  the  level  of  the  oil  in  the  tank  is  noted  at 

a  test,  and  the  fuel  necessary  to  maintain  the  level 

it,  or  to  bring  it  back  to  the  same  point,  is  weighed 

Where  the  fuel  consumption  is  large,  and  a  small 

ig  causes  only  a  very  small  percentage  error,  a  method 

ised  is  to  put  the  fuel  tank  directly  upon  scales,  and 

tank  by  flexible  piping  to  the  supply  piping  of  the 

weight  of  the  liquid  fuel,  temperature  and  density 

recorded. 

le  using  a  fuel  supply  for  the  maintenance  of  an 

or  for  any  other  purpose,  the  quantity  so  used  must 

ccoxmt  and  separately  determined  if  possible. 

nent  of  air  supply.    This  measurement  may  be 
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made  in  two  ways:  by  meter  <m  the  air-inlet  pipe,  or  by  compu- 
tation  from  the  exhaust-gas  analx-sis  in  connection  with  the  tud 
analysis.  In  case  a  meter  is  used,  the  remarks  under  (d)  with  refer- 
ence to  pressure  fluctuations  stpfiy-  For  the  method  of  contputin; 
the  air  supply,  see  Art.  387. 

(/)  Measurement  of  jacket  water.  This  may  be  determined  by 
the  use  of  water  meters  or  of  wrighing  tanks.  The  latter  method 
is  preferred  where  it  can  be  af^lied.  The  arrangement  of  tanks, 
and  whether  the  water  should  be  measured  before  enteiing  or 
after  lea\'ing  the  jackets,  is  largely  a  question  of  e:q>ediency,  and 
must  be  decided  for  ever>'  particular  case. 

If  an  engine  uses  a  sei>arate  supply  for  cjdinder  jackets,  and  for 
piston  and  rod  cooling,  each  supply  must  be  determined  separatdy. 

(g)  Analysis  of  fuel  and  exhaust  gases.  A  complete  test 
should  always  include  the  chemical  analysb  of  fuel  and  exhaust 
gas.  For  the  methods  of  analyzing  solid  fuels  and  exhaust  gases, 
the  student  is  referred  to  Chapter  XiJi.  For  the  analysis  of  fud 
gases,  see  Art.  386,  of  this  chapter.  Methods  of  sampling,  etc., 
are  also  discussed  in  the  places  referred  to. 

(h)  Heating  value  of  the  fuel.  In  the  case  of  solid  fuels  (gas 
producer  plants),  the  heating  value  is  determined  uix>n  the  labora- 
tor\'  sample  taken  on  the  test.  The  same  thing  may  be  done  in 
the  case  of  gas  fuels,  samples  being  taken  as  described  in  Arts.  275 
and  386.  WTienever  fKJssible,  however,  a  gas  calorimeter  should 
also  form  a  part  of  the  test  apparatus  and  the  determinations  of 
heating  value  should  be  made  during  the  test.  The  computations 
of  heating  value  based  on  the  laboratory  analysis  will  then  ser\'e  as 
a  check  ufKjn  the  calorimeter  work.  In  stating  gas-heating  values 
in  B.t.u.  per  cubic  foot,  the  volume  should  be  reduced  from  the 
conditions  of  test  to  standard  conditions,  14.7  pounds  pressure  and 
32°  F. 

(i)  Pressure,  temperature,  and  other  observations.  The  pressure 
observations  required  are:  pressure  of  gas  at  meter  and  barometer 
pressure. 

The  temperature  readings  are :  outside  air,  air  in  engine  room,  inlet 
and  outlet  of  jacket  water,  gas  at  meter,  or  fuel  oil  at  reservoir, 
and  temperature  of  exhaust  gas.    The  latter  is  best  taken  by  means 
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pyrometer  and  as  close  to  the  exhaust  valve  as 

ions  should  be:  density  of  fuel  oil,  if  an  oil  engine 
nidity  of  atmosphere,  by  wet  and  dry  bulb  ther- 
)me  other  form  of  hygrometer. 
»  Daki,  and  Preparation  of  Report.  —  The  time  of 
id  of  recording  every  observation  should  be  care- 
logs.  Note  every  occurrence  on  the  test.  Read- 
ites  apart  are  satisfactory  when  the  conditions  are 
they  vary,  readings  at  more  frequent  intervals 
It  is  good  practice  to  carefully  make  all  readings 
at  the  end  of  every  hour,  so  as  to  divide  the  test 
for  the  purpose  of  checking  xmiformity  of  condi- 
proceeds.  It  is  also  desirable  to  plot  during  the 
I  fuel  consimoiption  per  hour  against  brake  horse 
)  Willan's  Law,  see  Chap.  XVIII).  This  will  at 
abnormal  conditions  that  may  become  operative 
tarted. 

table,  published  in  the  Code  established  by  the 
'  of  Mechanical  Engineers,  shows  the  items  that 
ed  for  a  complete  report. 

I  by  two  abridged  forms  of  report,  used  in  Sibley 

I  gas,  the  other  for  an  oil  engine.    These  forms 

at  information  for  the  ordinary  commercial  report 

for  the  recording  of  a  series  of  "  nms."    Where 

made  at  a  series  of  loads,  curves  of  efficiency  and 

)n  should  be  plotted,  and  should  accompany  the 

lically  represent  the  results.     (See  type  examples 

for  steam  engines  in  Chap.  XVIII). 

JO)  Results  of  Test  of  Gas  or  On.  Engine. 

g  to  the  Complete  Form  advised  by  the  Engine  Test  Com- 
Sodety  of  Mechanical  Engineers.    Code  of  1902. 

of 

catedat ^ 

e 
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3.  T>'pe  of  engine,  whether  oil  or  gas 


4.   Class  of  engine  (mill,  marine,  motor  for  vehicle,  pumping,  or  other) . . 


5 .   Number  of  revolutions  for  one  cycle,-  and  class  of  c>'cle. 


6.   Method  of  ignition. 


7.   Xame  of  builders 

S.   Gas  or  oil  used 

\^a)  Speciftc  gra\'ity dcg. F. 

(b)  Burning  point ** 

(,t)  Flashing  point 


K 


0.   Dimensions  of  engine: 

(a)  Class  of  cylinder  (working  or  for  compressing 

the  charge) 

(b)  Vertical  or  horizontal 

(t)  Single  or  double  acting 

(<i)  Cylinder  dimensions 

Bore in. 

Stroke ft. 

Diameter  piston  rod in. 

Diameter  tail  rod in. 

(e)  Compression  space  or  clearance  in  per  cent  of 
volume  displaced  by  piston  per  stroke. . . 

Head  end 

Crank  end 

Average   

(n  Surface  in  square  feet  (average) 

Barrel  of  cylinders 

CvliridtT  heads 

Clearance  and  ports 

Ends  of  [Hston 

Piston  vxmI 

(^)  Jacket  surfaces  or  internal  surfaces  of  cylinder 
hoatod  by  jackets,  in  square  feet. 

Bara4  of  cylinder 

Cylinder  heads 

Clearance  an«i  r>orts 

(h)  Horse-power  constant  for  one  pound  MJE.P. 
and  one  revolution  per  minute 


istCyl.  idCji 
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10.  Give  description  of  main  features  of  engine  and  plant,  and  illustrate  with 

drawings  of  same  given  on  an  appended  sheet.  Describe  method 
of  governing.  State  whether  the  conditions  were  constant 
throu^out  the  test. 

-  Total  QuanlUies, 

11.  Duration  of  test hours. 

12.  Gas  or  oil  consumed cu.  ft.  or  lbs. 

13.  Air  supplied  in  cubic  feet cubic  feet. 

14.  Cooling  water  supplied  to  jackets cu.  f  t.  or  lbs. 

15.  Calorific  value  of  gas  or  oil  by  calorimeter  test,  determined 

by calorimeter B.t.u. 

Hourly  QttatUUies, 

16.  Gas  or  oil  consumed  per  hour cu,  ft.  or  lbs. 

17.  Cooling  water  supplied  per  hour pounds. 

Pressures  and  Temperatures, 

18.  Pressure  at  meter  (for  gas  engine)  in  inches  of  water inches. 

19.  Barometric  pressure,  inches  of  mercury " 

20.  Temperature  of  cooling  water: 

(a)  Inlet deg.  F. 

lb)  Outlet 

21.  Temperature  of  gas  at  meter  (for  gas  engine) 

22.  Temperature  of  atmosphere: 

(a)  Dry-bulb  thermometer 

{h)  Wet-bulb  thermometer 

(c)  Degree  of  humidity per  cent. 

23.  Temperature  of  exhaust  gases deg.  F. 

How  determined 

Data  Relating  to  Heat  Measurement. 

24.  Heat  units  consumed  per  hour  (pounds  of  oil  or  cubic  feet 

of  gas  per  hour  multiplied  by  the  total  heat  of 
combustion)    B.t.u. 

25.  Heat  rejected  in  cooling  water: 

(a)  Total  per  hour " 

{b)  In  per  cent  of  heat  of  combustion  of  the  gas  or  oil 

consumed per  cent. 

26.  Sensible  heat  rejected  in  exhaust  gases  above  temperature 

of  inlet  air: 

(o)  Total  per  hour B.t.u. 

(6)  In  per  cent  of  heat  of  combustion  of  the  gas  or  oil 

consiuned. ,  ^. per  cent. 


u 
t{ 

€1 

{{ 
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27.  Heat  lost  througfa  incomplete  combustioii  and  ladiatifHi  per 

hour: 
(o)  Total  per  hour Bxjl 

(b)  Inpercentof  heat  of  combustion  of  the  gas  or  oil  con- 

sumed percent 

Speed,  Etc, 

28.  Revolutions  per  minute rev. 

29.  Average  number  of  e^qilosions  per  minute. 

How  determined 

30.  Variation  of  speed  between  no  load  and  full  load rev. 

31.  Fluctuation  of  speed  on  changing  from  no  load  to  full  load 

measured  by  the  increase  in  the  revolutions  due  to 
the  change. 

Indicator  Diagrams, 

vA  QrL  adCji 

32.  Pressure  in  pounds  per  square  inch  above  atmoq>here: 

(a)  Maximum  pressure 

(J))  Pressure  just  before  ignition 

(c)  Pressure  at  end  of  expansion 

(</)  Exhaust  pressure 

33.  Temperatures  in  deg.  F.  computed  from  diagrams: 

(a)  Maximum    temperature    (not    necessarily    at 

maximum  pressure) 

{h)  Just  before  ignition 

{c)  At  end  of  expansion 

{d)  During  exhaust 

34.  Mean-efiFective  pressure  in  pounds  per  square  inch .  . . 

Pcwer, 

35.  Power  as  rated  by  builders: 

{a)  Indicated  horse  power H.P 

{h)  Brake " 

36.  Indicated  horse  power  actually  developed: 

First  cylinder " 

Second  cylinder *. " 

Total 

37.  Brake  H.P.,  electric  H.P.,  or  pump  H.P.,  according  to  the 

class  of  engine " 

38.  Friction  indicated  H.P.  from  diagrams,  with  no  load  on 

engine  and  computed  for  average  speed. 

39.  Percentage  of  indicated  H.P.  lost  in  friction per  cent. 
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Standard  Efficiency  Results. 

isumed  by  the  engine  per  hour: 

cated  horse  power B.t.u. 

K  horse  power 

sumed  by  the  engine  per  minute: 

ated  horse  power 

e  horse  power 

acy  ratio: 

ated  horse  power per  cent. 

I  horse  power 

Miscellaneous  Efficiency  Results. 
IS  or  pounds  of  oil  consumed  per  H.P.  per 


tted  horse  power, 
horsepower 


it 


Heat  Balance. 

;  in  per  cents  of  the  total  heat  of  combus- 
he  fuel: 

valent  of  indicated  horse  power per  cent. 

ted  in  cooling  water " 

ted  in  exhaust  gases  and  lost  through  radia- 

incomplete  combustion " 

Sum  =  100      " 
tem  (c) : 

x:ted  in  exhaust  gases 

ough  incomplete  combustion 

rough  radiation,  and  unaccounted  for 

Sum  =  Item  (c) 


tt 
(( 
tt 

u 


Additional  Data. 

nal  data  bearing  on  the  particular  objects  of  the  test  or 
ial  class  of  service  for  which  the  engine  is  to  be  used.  Also 
cator  diagrams  nearest  the  mean  and  the  corresponding 
yses  are  made  of  the  gas  or  oil  used  as  fuel,  or  of  the  exhaust 
ly  be  given  in  a  separate  table. 
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195.  The  Heat  Balance  for  an  Internal  Combustion  Engine.  — 
The  items  of  a  complete  heat  balance  for  an  internal  combustion 
eaigine  may  be  tabulated  as  follows : 

B.Lo.  Per  cat 

1 J    Heal  supplied  per  hour loo^ 

\h'  Heat  equiN-alent  of  I.H.P.-hour 

i/    Heat  rejected  in  cooling  water  per  hour 

[J'  Sensible  heat  lost  in  exhaust  per  hour 

1/    Heat  lost  in  exhaust  through  incomplete 

combustion  per  hour   

(/:  Radiation,  conduction,  etc.,  per  hour 

{ J  *  The  heat  supplied  per  hour  is  the  product  of  the  quantity 
of  fuel  used  in  that  time  multiplied  by  the  heating  value  of  unit 
quantity  of  that  fuel.  There  is  some  disagreement  concerning 
which  of  the  heating  \*alues.  the  higher  or  the  lower,  should  be 
used.  American  practice  seems  to  sanction  the  use  of  the  hi^ 
value,  on  the  ground  that  the  lower  heating  value  is  an  indefinite 
quantity,  varying  with  conditions. 

In  a  gas-engine  test  care  should  be  taken  to  see  that  the  heating 
value  of  the  gas  i>er  cubic  foot  is  stated  for  the  same  pressure  and 
temperature  conditions  as  the  hourly  consumption. 

It  is  assumed  that  the  heat  quantities  in  the  balance  are  computed 
aUne  s^mie  reference  temperature,  ordinarily  taken  as  that  of  the 
rt.H^m.  That  Inking  the  case,  the  heat  energj-  in  the  fuel  is  the 
only  heat  supplieii  to  the  engine,  pro\ided,  of  course,  that  the  hel 
is  initially  at  rix>m  temperature. 

.  ^    The  heat  equivalent  of  the  indicated  horse-power  per  hoor 

=  T.H.P.  X  2545)  B.t.u.  (45) 

r    The  heat  rejected  in  cooling  water  per  hour 

=  ir .;/.  -  /o  B.t.u.  (4*) 

in  which  11'=  weight  of  cooling  water  per  hoiu:, 

U  =  outlet  temperature  of  water, 
And  /i  =  inlet  temperature. 
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In  case  cooling  by  vaporization  is  used,  the  heat  rejected  will  be 
approximately 

=  W  {()^0  +  212  —  /i), 

=  Pr(ii82  -/i)B.t.u.,  (46a) 

in  which  W  =  weight  evaporated  per  hour. 

970  =* latent    heat    of    evaporation    under    atmospheric 
pressure. 

212  =  approximate  atmospheric  boiling  temperature, 
and  h  =  temperature  of  cooling  water  entering  the  jacket. 

The  reason  that  this  expression  is  not  quite  correct  lies  in  the  fact 
that  some  vaporization  takes  place  at  a  temperature  less  than  212°, 
depending  upon  barometer  pressure  and  humidity  conditions  in 
the  surrounding  air. 

(J)  and  (e)  For  the  computation  of  the  heat  losses  in  exhaust, 
see  Art.  387,  in  this  chapter. 

(/)  The  radiation  loss  is  determined  from  the  equation 

J  =  a-{b  +  c  +  d  +  e),  (47) 

396.   The  Computation  of  Gas-Engine  Efficiencies.  —  (a)  The 

cylinder  efficiency,  £«.  This  efficiency  is  the  ratio  of  the  area  of 
the  real  average  indicator  card  obtained  on  a  test  divided  by  the 
area  of  the  theoretical  diagram  that  would  have  been  obtained 
with  the  same  charge,  but  provided  that  there  had  been  no  losses 
of  any  kind. 

The  efficiency  of  this  theoretical  cycle,  which  for  an  Otto  engine 
consists  of  an  adiabatic-compression  and  an  adiabatic-expansion 
line  combined  with  a  constant-volume  combustion  and  a  constant- 
volume  discharge  line,  has  already  been  computed  on  the  basis  of 
temperatures  on  p.  349.  Now  with  the  information  at  hand  con- 
cerning the  composition  and  weight  of  charge,  it  becomes  possible 
to  compute  the  data  for  the  construction  of  such  a  theoretical 
cycle  by  means  of  the  laws  laid  down  in  Chapter  XI,  provided  thai 
the  temperature  at  one  point  is  knotLm,  Assuming  that  this  is  the 
case  (see  the  assumption  usually  made,  as  explained  in  connection 
with  the  construction  of  the  entropy  diagram,  Chapter  XI),  the 
theoretical  diagram  found  will  bear  a  relation  to  the  real  indicator 
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cafd  (sbadaJ  area)  approximatdy  as  shown  in  Fig.  331.  It  sbooid 
be  ptMDted  out  that  to  make  this  work  as  accuiate  as  posoble.  varia- 
tkm  of  specific  heat  with  temperature  should  be  taken  into  account. 
which  makes  the  computation  far  from  simple.  The  c^dinder  effi- 
ciency is  then  equal  to 

_         aseaaebcda 

£.= ,.,  , .,  ,  •  jSi 

areaofrcaa 

Another  way  of  computing  £,  is  to  divide  the  thennal  e&damw 

based  on  I.H.P.  {see  item  (A)  below)  bj-  the  c&desicy  (rf  tht 


theoretical  cycle,  which,  from  equation  73,  p.  349,  for  this  cjde  is 
I  —  --■  where  T-  =  absolute  temperature  at  a',  and  Ti  absolute 

temperature  at  b'. 

The  cylinder  efficiency  is  an  expression  of  the  degree  to  which 
the  real  engine  approaches  the  performance  of  the  ideal,  and  gives 
a  goij'i  idea  of  the  magnitude  of  the  sum  of  the  losses  in  the  real 
engine. 

'A'  The  thermal  efficiency'.  £,.  This  may  be  computed  on  the 
basis  of  either  I.H.P.  or  B.H.P.  If  B  represents  the  heat  sup- 
plied per  hour  Citem  (a)  of  the  heat  balance  in  Art,  395),  then 

Thennal  efficiency  on  I.H.P.  =  '-HP- X  2545 ^  ^^^^ 
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J  efficiency  on  B.H.P.  =  B.H.P.^X  2545  ^^^^ 

the  general  practice  of  engineers  to  express  engine 
IS  of  B.t.u.  per  horse  power  per  hour  instead  of 
or  pounds  of  oil.  The  thermal  efficiencies  then 
d  simply  by  dividing  2545  by  the  heat  consump- 
•  per  B.H.P.,  as  the  case  may  be. 
nical  efficiency,  £«.      This  is  the  ratio  of  brake 

ndicated  horse  power  (ttj^)*    Some  difference 

mong  engineers  as  to  what  constitutes  the  value  of 
in  this  ratio.  As  was  pointed  out  in  Art.  394, 
inguish  a  gross  and  a  net  I.H.P.  in  gas  engines,  the 
n  them  being  the  fluid  friction,  measured  in  a 
the  area  of  the  lower  loop,  in  a  2-cycle  engine  by 
There  is  no  doubt  that,  if  the  mechanical  effi- 
;s  the  real  mechanical  loss  in  friction,  the  formula 

T,         B.H.P.  /    X 

l.jn.r^.net 

land,  it  is  desired  to  get  an  idea  of  the  commercial 
ichine  for  turning  I.H.P.  into  B.H.P.,  the  formula 

T-i  B.H.P.  /    V 

£«  = •  (^2) 

IHP 

x.xx.x  .gross 

it  of  importance,  the  mechanical  efficiency  should 
ays  in  the  report. 

aetric  efficiency,  £».  This  efficiency  is  the  ratio 
ume  of  the  fuel  mixture  taken  into  the  cylinder 
pressure  and  temperature  conditions,  per  suction 
by  the  piston  displacement  per  suction  stroke. 
i  end  of  the  suction  stroke  is  under  a  comparatively 
;,  having  been  heated  by  the  cylinder  walls,  and  is 
ssure  slightly  below  atmosphere.  Both  of  these 
:o  decrease  the  charge  weight  per  cycle,  upon  which 
directly  depends,  and  the  volumetric  efficiency  is 
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therefore  in  a  sense  a  measure  of  how  nearly  theoretical  engine 
capacity  is  realized. 

This  efficiency  can  be  found  accurately  only  if  both  fuel  and  air 
supply  have  been  determined  on  a  test.    Then  if 

V  =  number  of  cubic  feet  of  gas  used  per  hour,  under  standard 
conditions, 

r  =  volume  ratio  of  air  to  gas, 

D  =  diameter  of  cylinder  in  feet, 

L  =  length  of  stroke  in  feet,  and 

X  =  number  of  suction  strokes  per  minute, 
we  will  have,  for  a  4-cycle  engine, 

V+Vr 
F   -     60X     _    V+Vr  , 


60X 

V+Vr 
47.1  I^Lx 

In  case  of  an  engine  using  a  liquid  fuel,  the  computation  becomes 
uncertain  because  of  the  fact  that  the  volume  of  the  liquid  fuel 
vapor  is  a  function  of  cylinder  temperatiu^e. 

The   volimietric   efficienc>'   may   be   approximately    computed 
directly  from  a  lower  loop  card.     Let  Fig.  552  represent  the  lower 


At.  Line 


Fig.  552. 

loop  on  a  4-cycle  card.  The  piston  displacement  is  measured  by 
the  distance  a.  The  volume  of  the  mixture  in  c>'linder  under 
atmospheric  pressure  is  measured  by  the  distance  b.  Hence  volu- 
metric efficiency  is  approximately  equal  to  -•  The  computation 
is  not  exact  because  the  temperature  factor  is  left  out  of  account. 


CHAPTER  XXII. 

HOT-AIR  ENGINES 

Engines  and  Methods  of  Operation.  —  Hot-air 
» the  class  of  external  combustion  engines,  as  dis- 
)rdinary  gas  engines,  which  are  true  internal  com- 
The  difference  lies  in  the  fact  that  in  external 
les  the  working  medium,  which  is  usually  air, 
of  heat  for  conversion  into  work  from  an  external 
d,  a  part  of  this  stock  of  heat  is  converted  into 
discharged  by  cooUng  the  working  fluid  by  an 
No  actual  discharge  of  working  fluid,  except  for 
.ce,  the  same  body  of  fluid  serving  for  every  cycle, 
n  the  other  hand,  a  new  charge  of  working  fluid 
cycle,  and  the  heat  supplied  for  conversion  into 
y  generated  by  the  process  of  combustion  in  the 
ing  a  certain  part  of  the  cycle.    The  heat  remain- 
each  cycle  is  discharged  with  the  working  fluid, 
•resent  only  two  types  of  hot-air  engines  in  the 
3son  and  the  Rider.    These  are  commonly  used 
nes.    Their  capacity  is  generally  small,  owing 
luses.    In  the  first  place,  air  used  as  a  working 
large  cylinder  capacities  per  unit  of  power  as 
lose  required  by  other  media,  like  steam  or  fuel 
*cially  true  if  it  should  be  attempted  to  use  the 
/either  the  Ericsson  nor  the  Rider  engine  operates 
even  in   theory,  but  the  disadvantage  stated  still 
second  place,  it  is  not  easy  actually  to  construct 
this  type  with  a  satisfactory  furnace  in  which  the 
lerated  and  transferred.    For  the  same  reason  the 
ry  of  even  the  small  machines  is  in  practice  generally 
less,   they  have  certain   advantages  where  small 
it  is  required,  and  there  is  no  skilled  attendance 

92s 
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avaOable,  since,  in  order  to  operate  them,  it  is  merdy  neassuy 
to  light  a  coal  or  gas  fire  in  the  furnace. 

398.  The  Ericsson  Engine.  —  Fig.  553  gives  a  dear  idea  oi  tlv 
construction  of  this  engine.    Tbe  cylinder  i  contains  two  pistooi,  — 


Fio.  555.  —  E>ics90S  HoT-Ais  ExdXE. 

the  disk  piston  2.  called  the  air  or  power  piston,  and  the  transfer 
pLslon  j.  The  power  pistoa  1  is  connected  through  rod  i^  to  the 
main  beam  &.  At  one  end  the  main  beam  operates  through  rod 
10  the  iingle-acdng  plunger  pump  17.  This  pump  Uits  the  water 
on  the  up  stroke  and  forces  it  through  the  jacket  surruimding  the 
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4^1iader  i  and  iato  the  discharge  main.  This 
» the  cooler  for  the  working  medium.  On  the  other 
am  through  lod  10  operates  the  crank  36,  to  which 
ected  the  lod  1 1  and  the  bell  crank  is  How  this 
litted  from  the  bell 
jtsiei  piston  3,  by 
xls,  is  best  shown 
ation.  Fig.  554. 
iistOQ  3,  Fig.  553, 
bt    metal    and  is 

a  non-conductor. 

the   heater,   heat 

ie  furnished  by  a 

gas  burners.  The 

the  furnace. 

'  operation  of  this 

q>Iained  by  refer- 
which  represents 

tovements  of  the 

lae  complete  turn 

t.     The  link  mo- 

~  portion  I,  with 

^cal.     Motion  is  counter-clockwise.     The  other 

ire  taken   at   2,  3,  and  4,  as  shown.     The  cor- 

i  positions  are  located  on  vertical  hnes  marked 
umbers.  Connecting  the  5  points  {since  position 
.  the  right)  BO  located  gives  the  cur\'e  AB  for  the 
power  piston  and  the  curve  CD  for  that  of  the 
tacement  piston.  Curve  CD',  parallel  to  CD  at 
ws  the  motion  of  the  lower  end  of  the  transfer 
the  volumes  contained  between  it  and  the  bottom 
hich  is  indicated  by  line  EF. 
3ut  the  pressure  and  volume  changes  in  the  body 
in  this  engine,  it  is  necessary  to  remember  (a)  that 
ig  piston  can  change  the  volume,  and  (b)  that  the 
ontrolled  by  the  action  of  the  transfer  piston. 
an  now  be  outlined  as  follows : 


Fig.  554-  —  Ekicsson  Engine. 
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isi  QuadratU  (i  to  2).     Power  pistoa 
Transfer  pistoo  rises,  fordng  air  into 
parently  strong  enough  to  overcome  pressure 
and  net  result  is  fairiy  constant  pressure. 


Heating 
drop  due  to 
Line  1—2  in 


etiect  2^<- 


>^'. 


Fig.  555.  —  DiAcmAM  or  Opekatidx  or  Ejocssos  EssaskE^ 

which  represents  an  actual  indicator  diagram  frmn  an   Erksson 
engine.     (FuU  size,  scale  of  ^>ring  10  pounds.) 

2d  Quadrant  (2  to  3).     Power   piston   completes   rise,   causing 
expansion.     Descent  of  transfer  piston  forces  air  into  cooler,  lower- 


Au  Line 


Fr-;.  -c' 


Indicator  Dl\gr.\m  from  Ericssox  EIngix] 


ing  temperature.     The  net  result  is  a  pressure  drc^,  forming  Kne 
2-3  on  the  card.  Fig.  556. 

3J  Quadrant  3  to  4*.  Power  piston  starts  to  descend,  causing 
compression.  But  at  the  same  time  the  further  descent  of  the 
transfer  piston,  forcing  more  air  into  the  cocder,  intensiiies  the  cool- 
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ing  ax:tion  to  such  an  extent  as  to  practically  maintain  constant 
pressure.    Line  3-4  on  the  card. 

4/A  Quadrant  (4  to  i).  Power  piston  completes  descent,  causing 
compression.  Transfer  piston  rises,  forcing  air  into  the  heater, 
raising  the  temperature.  The  net  result  is  a  rise  in  pressure,  forming 
line  4-1  on  the  indicator  card. 

The  theoretical  cycle  upon  which  the  engine  operates  (two 
constant  pressure  Unes  crossed  by  two  isothermals)  and  to  which 
Fig.  556  approximates  is  discussed  in  Art.  185,  p.  348. 

399.  The  Rider  Engine. — Fig.  557  shows  the  construction  of  this 
machine.  The  essentials  are:  a  power  piston  D  and  a  transfer 
piston  C,  rigidly  connected  by  cranks  to  the  shaft  //.  The  two 
cylinders  in  which  these  pistons  are  working  are  connected  across 
by  the  passage  HE  which  forms  the  regenerator.  The  regenerator 
chamber  is  partly  filled  with  some  loosely  packed  material  (sheet 
steel)  which  serves  to  abstract  a  part  of  the  heat  from  the  working 
fluid  as  it  flows  from  the  heater  to  the  cooler,  and  restores  this  heat 
when  the  flow  reverses.  Below  the  power  cylinder  B  is  located  a 
furnace  F.  In  this  case  the  fuel  is  coal,  although  of  course  any 
source  of  heat  may  be  employed.  The  work  done  in  the  power 
cylinder  is  expended  in  the  transfer  cylinder  and  in  the  pump  which 
is  operated  from  the  transfer  piston,  as  shown.  The  water  piunped 
is  first  forced  through  a  jacket  £,  serving  as  a  cooler  for  the  transfer 
cylinder. 

To  follow  the  pressure  and  volume  changes  which  occur  in  the 
working  fluid  during  one  complete  turn,  see  Fig.  558.  Crank  posi- 
tions I,  2,  3,  and  4  represent  those  of  the  power  piston.  The  trans- 
fer crank  has  somewhat  smaller  throw  than  the  power  crank  and 
lags  behind  the  latter  a  few  degrees  over  90.  This  gives  i',  2',  3', 
and  4'  as  the  corresponding  positions  of  the  transfer  crank.  Al- 
though in  the  drawing  the  transfer  piston  and  cylinder  should  be 
located  directly  behind  the  power  cylinder,  it  has  been  drawn 
to  one  side  for  the  sake  of  clearness.  Curve  AB  represents  the 
motion  of  the  lower  end  of  the  power  piston  and  line  CD  the  bottom 
of  the  power  cylinder  (heater).  Similarly,  EF  shows  the  motion  of 
the  lower  end  of  the  transfer  piston  and  line  GH  the  bottom  of  the 
transfer  cylinder  (cooler).    Vertical  distances  between  AB  and  CD, 
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and  between  EF  and  GH,  represent  at  any  instant  the  volumes 
in  the  two  cylinders.  Curve  //  shows  the  sum  of  the  volumes 
in  the  two  cylinders.  This  is  not  the  total  volume  of  the  working 
fliiid  as  the  regenerator  volume  HE,  Fig.  557,  is  not  accounted 
for;  but  curve  //  will  serve  to  show  volume  changes,  as  the 


Fic.  ss8- — DiiCKAM 
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regenaator  voiume  is  cmistaaL  (The  regeoeratOT  passage  is  at  no 
time  closed  by  either  pisttsLj 

1st  Qitadrami  (i  to  2).  Practically  constant  volume  change. 
Descent  oi  power  pifiton  and  rise  of  transfer  piston  indicates  ab- 
straction erf  heat  by  regenerator  and  cooling  in  the  trajisler  cylindtr. 
The  net  result  is  a  OKistant  volume  pressure  drop.  (See  line  !-;■  in 
the  tlwvetical  line  drawn  in  Fig.  55S.) 

ad  Qmadrmai  (2  to  3).    The  v<dume  cun'e  //  shows  decided 
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CQmpressiQn.  The  power  piston  completes  its  descent,  bat  the 
transfer  piston  also  starts  to  fall,  so  that  the  temperature  changes 
are  less  pronounced  than  in  the  first  quadrant.  The  net  result 
is  a  rise  in  pressure  with  volume  decrease.  (Line  2-3  in  diagram 
in  Fig.  558.) 

3J  Quadrant  (3  to  4).  Practically  constant  vcdume  change. 
accompanied  by  a  rise  in  pressure  as  the  working  fluid  is  trans- 
ferred across  the  regenerator  into  the  heater  by  the  further  descent 
of  the  transfer  piston  and  the  ensuing  rise  of  the  power  piston. 
(Line  3-4  in  the  diagram  in  Fig.  558.) 

4/A  Quadrant  (4  to  i).  Marked  expansicm  according  to  cune 
//.  This  expansion  is  accompanied  by  smaller  movement  of 
woiking  fluid,  on  accoimt  of  simultaneous  rise  of  both  pistons. 
Hence,  the  heating  effect  is  less  strong  than  in  the  third  quadrant 
and  the  net  result  is  e:q>ansion  with  pressure  drc^.  (Line  4-1  in  the 
diagram  in  Fig  558.) 

It  will  appear  from  this  analysis  that  the  theoretical  cyde  to 
which  the  series  of  changes  aj^roximates  is  one  composed  of  two 
constant-volimfie  lines  crossed  by  two  isothermals.  This  is  the 
Stirling  (regenerator  cyde)  which  is  discussed  in  Art-  r85,  p.  348. 

In  actual  testing  practice,  two  indicator  diagrams  are  taken 
from  this  engine.  The  single  indicator  used  is  connected  to  the 
regenerater  chamber  and  is  connected  in  turn  with  two  reducing 
motions,  the  first  of  which  gives  the  proper  reduction  for  the  power 
piston,  the  second  for  the  transfer  piston.  Fig.  559  shows  actual 
diagrams  taken  from  a  Rider  engine  (full  size,  scale  of  spring  10 
pounds).  The  methods  by  which  they  are  traced  can  be  easily 
followed  by  noting  the  periods  of  piston  movements,  that  is,  out- 
stroke  and  instroke,  from  cur\'es  AB  and  £F,  Fig.  558,  and  com- 
bining idth  this  the  knowledge  concerning  pressure  changes  gained 
from  the  analysis  above.  Thus  for  the  curve  ^-B  of  the  pwwer 
piston,  the  first  and  second  quadrants  represent  the  '*  down  "  or  "in" 
stroke.  From  the  analysis  above,  the  first  quadrant  is  accom- 
panied by  a  pressure  drop,  the  second  quadrant  by  a  pressure  rise. 
Hence  line  1-2-3.  F^g-  559*  is  e\ndently  the  one  traced  during  these 
two  periods.    The  other  lines  may  be  identified  in  a  similar  manner. 

The  larger  area  is  that  for  the  power  piston,  the  smaller  one  that 


HOT-AIR  ENGINES  933 

piston.  The  lines  are  traced  in  opposite  direc- 
),  as  can  be  discovered  if  the  method  of  tracing 
indicated  is  fully  carried  out.  The  larger  area 
loped  in  the  power  cylinder;  the  smaller,  work  done 
r  piston.    Hence  the  difference  between  the  power 


9. — Indicator  Diaghams  from  Rider  Engine. 

hese  two  cards  is  the  net  power  developed  by  the 

hat  available  for  pumping  and  for  overcoming 

on. 

ting  of  Hot-air  Engines.  —  A  complete  test  of  a 

lould  include  the  following  items: 

Ued  horse  power.    The  indicator  can  be  operated 

e  pump  rod  in  the  Ericsson  engine  without  the 

ny  reducing  motion.    In  the  Rider  engine,  motion 

e  pistons,  but  on  accoimt  of  the  length  of  stroke 

udng  motion  must  be  used.    The  maximum  pres- 

r  case  low,  a  lo-pound  spring  being  satisfactory  in 

horse  power.  On  account  of  the  small  size  of 
ers  no  pump  diagrams  need  be  taken,  the  useful 
nputed  directly  from  the  water  pumped  and  the 
iinst.  The  quantity  of  water  may  be  determined 
bough  a  nozzle  may  be  used  to  advantage.  The 
ainst  is  of  course  the  sum  of  suction  and  discharge 
r  allowance  for  velocity  heads  (see  Chapter  XVIII, 

ml    of   the   fuel  used.     Where  gas  is  used,   the 

course  the  gas  meter.     In  case  coal  is  fired,  the 

xtended  over  a  considerable  period  of  time.    In 
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Ae  Giae  '^  jM;  i.  rrnri  fafirfTrf  'me:  omr  oar  eKii  sec:  'i£  rmu&caaos. 

a&er  die  lamer  isive  hnynme  "zwsiunr  is  •sgit^'^M'fiiro  am:  in  t^t 
ease  of  ji^Ud  faef  i.  tnnirBifr  <u  teas:  •]£  i  ir  i  hoins:  s  sane  ih)  ito 
tXL  iccnunT  < >c  tae  ersncs  QEvofeert  eel  rudjghi^  tjoe:  Tts^miHAj^  rnit  ac 
<u»i&ir^ns  (ic  die  nrt  bfed  ^n.  t&e  ^3G& 

f^  Amdy^z  af  dat  fwi  wisk  igaa'mamaaEm  or  ksmnq  imx, 
Toa  »  necesastrj  isx  (±e  t*niin.innri'imL  iic  dfidenqr  jonl  tiiegQg> 
SfHrmimr  oc  neatz '-ia^[affrp-      See: Qn^cex^ XUE  jaEoL  X^l 

'^:  .'IjiccfvL'::^  ^'  Om  lutstK  ^stacz  ynm.  Jm  ytrmacB,  ^B^xtmr  zisi 
<c  d^Usrmimi^imi  §f  Aeir  qmamtitj,  ^j^^^nrwMi  jpiuae  ir  is  ieaicd 
tr>  ^st^-^ioiL  2.  cxEy  nvmiaprf  hear  hgrsmrp  See  ChzioGss  xni 
aail  3Ctt 

'/;    OtkfgF  mams^tms  ^smz  Smiciia  bead; 
Bcctkicis  oc  ^-wfaed  -rfiam  noqge  of 
water; ;  pc«»zre  m.  g3s  maniSw  S  ga»  t& 
boiCFxatUT  readm^:  dmiezBaaos  of  ^"^"*^ 

Tbe  CKsoal  mrrhod  of  r«<'^<riTng  s  m  «£yid&  t&e  tncal  head,  agams 
wfaidi  the  fTiCTij*-  C21L  pomp  oxta  &  mxmh^r  iji  cqoal  ports.  5  *i[  1 
axid  ar  eacii  one  of  the  heads  to  make  2.  tiiil  nnu  mt»mr:iffifiTg>  ±j^ 
btstd  cno^ant  and  adjtEscmg  the  nsd  sippij  Oa  "■'=*■" '-^■'"^  the  ^lesd 
The  ferflowmz  bfanti  show  two  cnavJsiDHit  Docms.  the  iiEst  it  irnch 
is  for  recor-iinzr  "iLti.  the  second  tor  reconiinff  resoiiS. 

401*  Com^oxarkxis  aad  Report.  —  These  m^  camparsjrv^j  sni- 
pte  3Lrid  rieed  litile  x»cimetit- 

Prjft:  n::erJiarJi:ai  erndencv  in  the  case  of  the  Ric^  ffT«Tm»*  s  tite 
z^rlx,  oetx-ten  ^e  p^-iiup  horse  pijwer  izxd  the  net  rndizicec  birse 
power. 

Therrr^l  etr»-ieni:v  mav  be  cocnDited  oa  the  basss  d  iiiiiica.tfti 
•y'rk  cr  '.if  p^nr.p  W'jrk,  In  the  latts-  case  rt  is  the  ratii:  of  the 
he2.t  edi-'iler.t  '^t  the  z»timo  -work  .ii-tie  in.  a  sdvoi  time.  •±rrk:ec  bv 
the  t'.Vi^  h-r.it  ih«:ve  r^on  temp«a.tare  in  the  fad  soppiied  hi  ±e 
•ame  tirr.r  On  the  other  basis  the  annierator  of  the  rati*:-  is  the 
heat  etf-:'-  i'ent  :t  the  in«i:cared  work.  The  form<rr  emcitsio-. 
th.it  :.-    '.-..it  '-. L^i   :-  the  'iiuld  w*3rk.  is  <3f  coarse  the  real  coo- 


F-.-'  the  tennftioc  of  dtity  see  Art.  56-3.  p.  775, 

Shi::e  h:  these  engines  the  weight  of  the 
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cyde,  the  temperatures  around  the  cycle  may  be 
P»  -  RT  «  53.2  r,  provided  the  temperature 

lOWIL 

ce  should  show  the  following  items: 

B.t.iL  P«r  cent. 

lied  in  fuel  above  room  temperature. .     xoo 

lent  of  the  pump  woik 

iknt  of  the  work  lost  in  mechanical 


•••••••  ••••• 


.  away  by  the  jacket  water 

waste  gases 

radiation,  and  otherwise  unaccounted 


ination  of  Item  (i)  see  Chapter  Xm.  Item  (5) 
kt  balance  is  computed  exactly  like  the  similar 
I  boilers  or  gas  engines.    See  Chapters  XIII  and 

lid  include  a  gr^hical  representation  of  the  results 
following  curves: 

m  Ordbatet. 

led  against  Capacity  in  gallons  or  pounds  per  hour. 

"  Percentage  of  slip. 

"  Thermal  efficiency. 

**  Duty  per  1,000,000  B.tu. 
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the  arrangement  B,  C,  D.  On  the  back  stroke,  A  closes,  the  water 
column  compresses  the  air  into  the  vertical  chamber  at  the  end 
of  the  cylinder  until  G  opens,  after  which  the  piston  forces  all 
of  the  air,  together  with  a  small  quantity  of  water,  into  the  dis- 
charge space.  K  is  the  high-pressure  pipe,  while  J7  is  a  float 
arrangement  to  allow  the  water  pumped  over  to  drain  out.  The 
advantages  of  this  system —  that  is,  lower  temperature  of  conq>ressed 
air,  higher  volumetric  eflSciency — are  fully  balanced  by  slower  speed, 
greater  water  and  power  consumption,  etc. 

The  eflSciency  of  cooling  has  great  influence  upon  the  power 
input  for  a  given  amoimt  of  compressor  work  to  be  done.  This 
fact  has  led  to  the  subdivision  of  the  total  compressor  work  among 
several  cylinders  where  the  air  is  to  be  highly  compressed.  De 
pending  upon  the  number  of  cylinders  used  for  the  work,  we  then 
distinguish  single-stage,  two-stage,  or  multistage  compressors.  A 
conunon  pressure  to  which  air  is  compressed  for  a  variety  <rf  uses  is 
about  125  poimds.  In  this  case,  two-  or  perhaps  three-stage  com- 
pression should  be  employed.  The  former  would  be  more  common, 
the  air  being  compressed  up  to  about  40  pounds  in  the  first  stage 
and  to  125  pounds  in  the  last.  Unless  the  pressures  are  very  high, 
as  in  liquid-air  work,  it  is  not  common  to  exceed  two  stages  b^ 
cause  the  gains  due  to  efficient  cooling  are,  beyond  the  second  ot 
third  stage,  soon  overbalanced  by  mechanical  losses.  The  several 
cylinders  may  be  arranged  one  behind  the  other,  in  which  case  we 
have  what  is  known  as  a  tandem  arrangement,  or  they  may  be 
placed  side  by  side  with  the  intercooler  between  them,  in  whid 
case  we  have  the  duplex  arrangement.  A  two-stage  compressOT  d 
the  former  design,  steam-driven,  is  shown  in  Fig.  561,  where  D  is 
the  steam  cylinder,  A  the  low-pressure  compression  cylinder,  B  the 
intercooler.  and  C  the  high-pressure  compressor  cylinder.  When 
the  engine  end  is  also  compounded,  a  favorite  arrangement  is  to 
cross-compound  the  engine  and  to  place  an  air  cylinder  behind  each 
steam  cylinder  in  tandem.  This  makes  a  very  good  design  as  far 
as  stress  conditions  in  frames  and  crank  shafts  are  concerned/ 

*  The  question  of  the  best  arrangement  of  cylinders  in  motor-,  belt-,  or  steam- 
driven  air  compressors  is  discussed  by  E.  W.  Koester   in   Zeilschrift   des  Verdm 

deutschcr  Ingenieure^  Jan.  23,  1904. 
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A  q>ecial  form  of  the  piston  compressor  is  the  air  pump  usee)  in 
condeaser  work.  The  conditions  of  operation  are  somewhat  (iif- 
ferent,  in  ao  far  as  in  the  ordinary  compressor  the  suction  pressure 
is  constant,  while  the  discharge  pressure  may  vary;  in  the  air  pump 
the  suction  (condenser)  pressure  varies  while  the  pump  delivers 


^iKP 


XEXING 


2fpittst  a  cocistant  pressure. —  that  of  die  atmosphere.    Ochenriae. 
the  conditions  ot 


two  blades,  pbtoos.  or  d^)iaccis.  A  and  B.  wind 
ste  directions,  as  indicated  in  F^  562.    Thev  aie 
ing  or  other  devices  oatside  of  the  case  C.    Each 
one  side  maintains  cootiniioas  contact  with  the  inner 
case  and  on  the  other  side  with  the  mating  cfi^dacer. 
frequence,  a  certain  vohime  of  air  is  picked  up  oa  the 


01 

m  oppK 

on  the 
of  the 
As  a  GGo- 

suctiGn  side 


■0 (T 

Fic.  562.  —  RoTAEY  OE  Posrn\-E  Blowzi. 

fthe  volume  represented  by  the  space  E  in  Fig.  562)  and  transferred 
to  the  flischarge  side  F.  The  pressure  that  can  be  maintained 
at  F  rJejK'nds,  of  course,  upon  the  amount  of  compressed  air  used  and 
upon  the  speed  of  rotation  of  the  displacers.  If  the  blower  delivers 
into  a  clf>sed  system,  the  pressure  ^^-ill  build  up  until  the  leakage 
hack  past  the  contact  surfaces  of  the  displacers  prevents  further 
increase.  Hence  a  close  fit  at  the  contact  surfaces  is  essential 
for  the  attainment  of  highest  pressure.  The  gain  thus  made,  may, 
however,  be  counteracted  by  an  increased  friction  loss,  decreasing 
the  t(;tal  efficiency  of  operation.  These  machines  are,  therefore, 
not  arlaj)ted  to  high-pressure  work,  and  10  pounds  per  square  inch  is 
about  the  outside  limit.  For  lower  pressures  than  this,  but  higher 
than  those  that  can  be  efficiently  handled  by  the  centrifugal  blower, 
they  are  quite  satisfactor}'  on  account  of  their  large  volume  cajMidty, 
in  spite  of  the  fact  that  the  volumetric  efficiency  may  not  be  over 
7S  per  cent  and  is  frequently  lower  than  that. 
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40S-  Centrtfogi^^  Voliune  Blowers.  —  Two  fundamenta]  types 
of  these  blowers  are^^cognized :  (a)  the  disk  or  propeller  fan,  in 
-^rhich  the  air  moves  throf^b^the  fan  practically  [>arallel  to  the 
shaft  and  perpendicular  to  the  plane  of  rotation  of  the  wheel; 
and  (b)  the  machine  generally  known  simply  as  the  blower  or  fan, 
in  which  the  air  enters  the  fan  whed  at  right  angles  near  the 
center,  is  deflected  through  a  right  angle  as  it  goes  through  the 
wheel  and  leaves  the  periphery  of  the  wheel  at  high  s[>eed  owing 
to  the  centrifugal  force  imparted. 

Disk  fans  are  constructed  either  with  straight  or  curved  blades, 
as  shown  in  Fig.  563.    The  action  of  these  fans  is  the  reverse  of 


Fig.  363.  — Types  or  Disk  oh  Propelleh  Fan. 


that  of  a  windmill.  In  the  latter,  the  wind  moving  with  a  certain 
velocity  imparts  to  the  wheel  a  certain  rotative  speed  which  is 
utilized  to  do  certain  work,  hi  the  disk  fan,  a  certain  amount  of 
work  is  put  in  at  the  shaft,  the  wheel  attains  a  certain  rotative 
speed,  which  produces  a  certain  velocity  of  translation  in  the  air 
in  which  it  moves.  These  nutchines,  therefore,  produce  a  pressure 
difference  which  must  be  proportional  to  the  velocity  of  the  moving 
air.  They  are,  however,  not  adapted  to  give  large  pressure  dif- 
ference, and  are  consequently  mostly  used  for  ventilating  purposes, 
where  the  pressure  or  depression  produced  need  not  exceed  .2  to  ,5 
inches  of  water.  As  compared  with  the  ordinary  centrifugal  blower, 
their  power  consumption  for  a  given  quantity  of  air  moved  under 
given  conditions  is  less. 

There  are  a  number  of  different  types  of  fans  or  blowers.    They 
may  be  divided  into  two  classes,  — those  with  and  those  without 
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dif  users.  Under  each  class  there  are  then  two  subclasses,  band 
upon  the  blade  form,  whether  straight  or  curved.  A  fan  is 
to  be  without  a  diffuset  if  the  fan  casing  is  amcentiic  with  the  n 
all  around,  except,  of  course,  at  the  point  of  outlet  When,  on  dc 
other  hand,  the  casing  fonns  a  gradually  increasing  saoll.  so  tint 
the  space  between  peripheiy  of  wheel  and  of  casing  gradui^ 
increases  toward  the  outlet,  the  fan  is  said  to  have  a  diffuser.  TV 
purpose  of  this  construction  is  to  gradually  decrease  the  velodq' 
of  the  air  leaving  the  fan  wheel  itself  and  to  convert  some  of  tk 
velocity  head  into  pressure  head.  Hence  the  use  of  this  constI1l^ 
tion  in  all  pressure  blowers.    The  advantage  of  the  curved  blide 


.  564.  —  Fan  with  Diffuses, 
Stkaight  Blades. 

lies  mainly  in  the  avoidance  of  shock  as  the  air  enters  the  irinA 
This  not  only  increases  the  efficiency  but  makes  the  opera&l 
smoother  and  less  noisy.  Figs.  564  to  566  show  several 
pies  of  the  constructions  mentioned  above. 

Any  fan  may  serve  to  create  a  pressure  at  the  outlet,  or  to  prodsS 
a  depression   (pressure  below  atmosphere)   at  the  inlet,    hi  4b 
former  case  it  is  called  a  blowing  fan  or  blower,  in  the  latter 
an  exhaust  fan  or  exhauster. 

With  reference  to  the  pressures  or  depressions  produced, 
trifugal  fans  arc  sometimes  classified  as  low-pressure  or  vd 
fans  and  as  high-pressure  fans.     The  distinction  is,  howevo,  vi 
clearly  drawn,  since  the  pressure  may,  in  most  cases,  be  cwisito' 
ably  changed  by  changing  the  speed  of  rotation.     In  actual  senate 
the  pressures  or  depressions  used  range  about  as  follows:  .5  md* 


AIR-CX)MPR£SSIN'G  MACHINERY 


945 


or  less  for  the  ventilation  of  schools,  theaters,  factories,  etc. ;  3-6 
inches  for  mine  fans;  4-8  inches  for  forge  fans;  and  8-15  inches  for 
£ans  used  for  melting-fumaces,  like  cupolas,  etc. 
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'  Fig.  566.  — Fan  with  Ditfuseb,  Cubved  Budej. 

406.  Turbine  Conqtressors, —  This  type  of  compressor  has  been 
developed  in  the  last  few  years.  The  principle  of  its  operation  is 
practically  the  same  as  that  of  the  multistage  turbine  pump  (see 
Chap.  XXV).  There  is,  however,  this  important  difference:  In 
the  water  pump  there  is  no  change  in  the  density  of  the  medium, 
and  each  wheel  causes  the  same  absolute  pressure  increase  in  the 
water.  In  the  case  of  the  turbine  compressor,  on  the  other  hand, 
the  density  of  the  med'um  changes  from  stage  to  stage,  and,  as- 
suming that  the  temperature  does  not  increase,  each  wheel  only 
causes  the  same  relative  pressure  increase.  Thus,  if  each  wheel 
causes  a  relative  pressure  increase  of  10  per  cent,  it  will  take  10 
stages  to  reach  an  absolute  pressure  of  2.6  atmospheres,  and  10 
more  stages  to  reach  a  final  pressure  of  7  atmospheres  absolute. 
In  practice,  on  account  of  temperature  increase  and  other  losses, 
from  25  to  30  wheels  or  stages  are  required  to  attain  the  latter 
pressure.  Where  the  fmal  pressures  are  quite  high,  the  wheels  are 
.  usually  made  in  groups  of  different  diameters,  the  largest  wheels 
J  forming  the  first  three  or  four  stages.  The  peripheral  speed  of 
such  wheels  may  be  up  to  460  feet  per  second,  while  the  wheels  in 
the  final  stages  have  a  rim  speed  of  about  330  feet  per  second. 
The  rotative  sjieeds  for  high-pressure  work  may  be  from  3000  to 
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in  the  upper  part  of  the  tank  and  is  taken  off  as  desired  by  means 
of  the  air-pipe. 

Chie  great  advantage  of  this  type  of  compressor  is  found  in  the 
elimination  of  the  prime  mover.  The  compression  pressure  at- 
tained depends  directly  upon  the  distance  from  the  disengagement 
surface  in  the  separator  tank  to  the  level  of  the  tail  race,  and  is, 
therefore,  independent  of  the  head  of  water  from  the  receiving 
bay.  The  air  is  compressed  isothermally,  since  each  air  bubble 
is  surrounded  by  the  water;  and,  in  spite  of  the  fact  that  at  some 
parts  of  the  compressing  operation  the  air  is  probably  saturated 
with  moisture,  it  is  foimd  that  compressed  air  delivered  by  these 
compressors  is  comparatively  dry,  which  is  probably  due  to  the  fact 
that  at  the  low  disengagement  temperature  the  absolute  moisture 
content  cannot  be  high. 

These  installations  have  proved  very  efficient,  over  90  per  cent 
having  been  shown  in  case  of  high  heads. 

409.  Physical  Characteristics  of  Air.  —  It  has  already  been 
pointed  out  (Chap.  XI,  under  Laws  of  Gases)  that  air  may  be 
considered  as  a  permanent  gas  following  the  law 

—  =  constant  =  iJ.  (i) 

In  this  equation,  substitute  for  standard  conditions,  P  =  144  X 
14.7  =  21 16.8  lbs.  per  square  foot,  T  =  460  +  32  =  492°  F.,  and 

specific  volim[ie  v  =  — — >  where  .0807  is  the  weight  of  a  cubic 

.0807 

foot  of  dry  air  imder  standard  conditions.    Then 

PV  2II6.8  „  ^  .V 

T  =  i^T^:^^ = ^  =  ".35.*  (2) 

*  The  value  of  R  changes  slowly  both  with  pressure  and  temperature.    Another 
^  expression  for  RisA'R  —  Cp  —  Cv  =  Cvl  p;^  —  i  J  =  C»  (7  —  i).     The  values  of 

:  7  and  C,  change  with  temperature.  See  Chap.  XXI  under  Specific  Heats.  The  change 
with  pressure  is  less  important,  although  appreciable  at  very  high  pressures.  Ihering 
gives  the  following  figures,  computed  from  an  equation  given  by  Antoine  in  Comptes 

■^  Rendues,  1890: 

p  =  I  atm.    40  atm.    60  atm.    80  atm.     100  atm.     200  atm. 

R"  53-30     53.30      54.25      55-30       56.40        62.30 

-  These  notes  refer,  of  course,  only  to  the  case  of  dry  air. 


=  — ^  -'-'  - "  ;'^'  i-.  (3) 

=  -  =  — ' — r=   -:*-J.-Ibs-  (4) 


T^riidi:  per  cubic  foot  of  dry 
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fiumidity  may  be  expressed  in  two  ways,  —  absolute  and  relative 
nmidity.  Absolute  humidity  is  the  weight  of  water  vapor  that 
ay  given  q)ace  (one  cubic  foot  usually)  actually  contains.  If  the 
apor  is  saturated,  the  absolute  humidity  may  be  found  from  the 
itieam  Table.  Thus  in  Table  3, 1,  Appendix,  if  the  temperature  of 
he  air  is  75*  F.,  the  density  of  the  water  vapor  is  seen  to  be  .001346 
i».  per  cubic  foot;  that  is,  the  absolute  humidity  for  100  per  cent 
lituration  is  .001346.  Relative  humidity  is  the  ratio  between  the 
actual  weight  of  water  vapor  that  a  given  space  contains  imder 
BJren  conditions  and  the  maximum  weight  that  the  same  space  may 
ontain  under  the  same  conditions.  Thus,  if  the  weight  actually 
pRsent  at  a  temperature  of  75^  is  only  .000587  lbs.  per  cubic  foot 
(absdute  humidity  «  .000587),  the  relative  humidity 

=  ' ^-^  =  .436  =  43.6  per  cent. 

.001346 

410.  Determination  of  Humidity.  —  Absolute  hmnidity  may  be 
KiRmd  by  drawing  a  definite  volume  of  air  through  tubes  containing 
dloride  of  calcium  or  sulphuric  acid.  The  increase  in  weight  of 
&  absorbent  determines  the  actual  weight  of  water  vapor  in  the 
Inntity  of  air  used.  The  method,  while  accurate,  is  not  of  easy 
Ijplicatiittn  in  every-day  practice  and  little  used. 

It  is  easier  to  determine  relative  humidity,  for  which  there  are 
tvcnl  methods.  The  general  method  is  based  upon  the  assump- 
loa  that  the  vapor  pressures  of  water,  at  any  one  temperature  are 
faectly  proportional  to  the  absolute  weights  of  water  vapor  present 
il  a  given  space.  This  assiunption  is  very  nearly  true.  If  we  let 
k^  tihe  nuudmum  possible  weight  of  water  that  the  space  can 
Vlfnti  (that  is,  at  100  per  cent  saturation),  at  a  given  temperature, 
^«»ilie  ^pei^t  actually  contained,  p,  =  the  vapor  pressure  for 
gto  per  cent  saturation^  and^  the  actual  vapor  pressure,  then 


-^  =  -'  (s) 

mI  tiiie  idative  humidity^  —  loo  ^  p>er  cent. 

P> 

jjjP^  inay be.  obtained  firom  steam  tables  as  soon  as  temperature  is 

Mfiiv  but  p  imist  be  found  by  experiment.    One  method  of  doing 
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this  is  to  find  the  dev  point  by  cooling  the  air  down  to  sarutaiiaL 
A  ver>-  simple  instrument  for  this  puipose  is  illustrated  b>'  Gizm 
berg*  Fig.  570.    A  small  vessel  A,  containing  ether,  haa  fasunet 


Fig.  570.  — Dew  Pokt  .\ppakati-s. 

to  it  a  nickel  mirror  B.  By  means  of  an  asgii- 
ator  bulb  connected  at  C,  air  is  drawn  through 
the  apparatus,  entering  at  D.  The  vap(»izatioa 
of  the  ether  causes  cooling,  which  duUs  the  minor 
and  the  air  surrounding  it.  At  the  instant  that 
the  air  in  contact  with  the  mirror  reaches  100 
per  cent  saturation,  fog  will  appear  on  the  mirror, 
and  the  temperature  /  of  the  ether  is  noted.  For 
this  temperature  /  the  maximum  vapor  pressure 
may  be  obtained  from  steam  tables,  which  de- 
termines the  factor  p  in  the  above  equation. 
Thus,  suppose  that  the  dew  point  is  found  to 
be  55°.  wHlh  the  air  temperature  at  75".  Frwn 
the  steam  table,  p,  =  .42S8  lbs.  per  square  inch, 
and  p(=  P.  for  55°)  =  .jr^  lbs.  per  square  inch.  Fic  sri.— ^vcnra 

2140  ""    '^^^  *^ 

Then  relative  humidity  =  - — f^  =  .50  =  50  per       Dbv  Bixb  Tntt 

cent. 

A  second  method  of  determining  relative  huinidit>',  that  by  w 
and  dry  bulb  thermomcler.  is  radically  different.  The  apparatt 
is  called  a  psychromeler  and  is  more  used  than  the  dew-point  a] 
[>aratus.  It  consists  essenliallj-  of  two  theimometers  fastened  1 
a  frame  (see  Fig.  571),  which  represents  the  swing  type  used  t 
*  Gramberf!.  Heizung  &  LOftung  voo  Gdduden. 
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the  U.  S.  Weather  Bureau.    Ihe  buib  of  one  of  the  thermometers 
is  surrounded  by  a  piece  of  thin  muslin,  which,  during  the  use  of 
the  instrument,  is  kept  thoroughly  wetted  with  water.    The  bulb 
of  the  other  thermometer  is  left  free.    If  the  water  vapor  in  the 
air  is  saturated,  the  two  thermometers  will  continue  to  indicate 
the  same  temperatiu-e,  which  is  that  of  the  surrounding  air.     But 
if  the  relative  humidity  is  less  than  loo  per  cent,  vaporization  of 
water  takes  place  from  aroimd  the  wet-bulb.     This  action  is  neces- 
sarily combined  with  the  rendering  latent  of  a  certain  amount 
of  heat,  which  causes  the  wet-bulb  temp>erature  to  sink.     The 
lower  this  temperature,  the  greater  the  absorption  of  heat  from 
the  surrounding  bodies,  and  at  some  point  there  must  be  established 
an  equilibriimi  between  the  heat  which  the  wet  bulb  is  losing  and 
that  which  it  is  gaining  by  conduction.    This  equilibriimi  tempera- 
ture is  called  the  wet-bulb  temperature  for  the  conditions  existing, 
and  must  not  be  confused  with  the  dew  point  for  the  same  conditions. 
From  the  difference  between  the  dry-bulb  temperature  /  and  the 
wet-bulb  temperature  /',  it  is  possible  to  compute  directly  the  rela- 
tive humidity  for  the  conditions  existing  from  the  equation 

e^Pt'-  .000367  B{t-  t')  (i  +  ^-^^)  (6) 

given  in  the  Psychrometric  Tables  published  by  the  U.  S.  Depart- 
ment of  Agriculture,  1900.    Here 
e  =  relative  humidity; 
pt'  =  the  saturation  pressure  at  the  temperature  /'  (taken  from 

a  steam  table) ; 
B  =  barometer  pressure; 

/  =  air  temperature  =  temperature  of  dry  bulb; 
/'  =  wet-bulb  temperature; 
pt'  and  B  are  expressed  in  inches  of  mercury. 

Example, —Ijti  t  =  75°  F.,  /'  =  55°,  B  =  30"  Hg.     From  the  Steam  Table, 
Appendix,  for  55*",  pt' «  -4357;  then 

«=  .4357  - -000367  X  30  X  20  f  I -h  -^j=  .213=  21.3  percent. 

At  a  temperature  of  75**  P.,  the  weight  per  cubic  foot  of  saturated  aqueous 
vapor  is  .00134  lbs.,  hence  the  absolute  humidity  under  the  conditions  stated  is 

.00134  X  .213  «  .00028  lbs. 
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In  practice,  instead  of  making  the  above  computation,  humiditj  : 
tables  are  used.     There  are  a  number  of  these,  computed  by  difr  J 
lerent    authorities,   none  of  which   exactly    agree,    although  the; 
di-Terence  is  negligible  for  engineering  work.     Table  6,  in  the  A|h 
jvndLx.  is  taken  from  the  above-mentioned  Psychrometric  Tabkl 
of  :he  Department  of  Agriculture.     It  is  extensive  enough  foroidi-  J 
nAr\-  work.     The  relative  humidity  percentages  even  in  this  taUe 
.:o  r.ot  exactly  agree  with  residts  obtained  by  the  formula  above. 
Th;:>  lor  75  degrees  and  a  depression  of  20  degrees,  the  table  giVB 
zs  ixrT  cent,  while  the  formula  gives  21.3  per  cent.     Some  of  tUi 
cirTiTence  mav  be  due  to  barometric  corrections  which  were  not 
•ipp'-ievi  in  the  computation  above.     In  connection  with  the  fomniia 
.^".i  :ht*  ::ible.  ii  should  be  stated  that  the  results  are  strictly  apffr 
v.\ib.e  or.'.y  :o  readings  obtained  with  the  same  form  of  psychromdci^  | 
:*::.";:  :>.  :ho  swing  i>tx\     To  use  this  instrument,  thoroughly  wet  tta 
:v.u<'.:n  .around  the  wet  bulb.    Then  by  means  of  the  handle  at  tk 
:v^:\  whivh  cm  be  extended  at  right  angles,  whirl  the  frame  irMl' 
iht  :>.tr".^^:r.e:ers  rapidly  for  15  or  20  seconds.     Stop  and  qukk^ 
rx,-."  :r.i  ^t:  ':  J.b.     Repeat  until  at  least  two  consecutive  readiqp 

ri^  5-:  c:v-s:<  d  graphical  representation  of  a  humidit)'  tables 
V -">:-.:.:;•;  :. :  ;c-ir.jh  irsiromeier,  by  means  of  which  quick  detflP- 
".::...::;:•.>.  ::'.:err.v.^i:--.:e  b-eiwern  those  of  the  table  in  the  Appendll^ 

•  ..;.  "v  -  .-.:-:  Aj>  .in  tx.in:p]e  of  its  use,  if  the  air  temperature" 
S.^  ■  • :  :  .-,  .,:..:  :he  we: -bulb  temperature  =  6c'  point  ^),tbe 
•\  .  :. . .   :.,.••.:■::;    v.:.;  r-e  :o  per  cent,  while  the  absolute  humiditr, 

:'*.;'  v.  :^  •.:       •.  ..:■ :  v.:>:r  r*er  cubic  f*x>t,  is  — ^^—  =  .00045;  poundi 

ic.coc 

V  •".    ."*        .  "-  :>.L    :.n>:=r!er.ition  that  this  weight  represents  the 

•  ..\"  -..  •  :*'..:  >  rr  :vr  cer.:  s^turaticn  point  C  ,  we  may  also 
\v..:.  :".:  ..:     ■'   *  :  .-'   .::  <":::h:>»-  over  z2  decree^. 

4'.:.    The  Thecr^iicAl  Work  of  Compressing  Air.*  —  Thefonnnte 
v-.A.  .v-.v.     •.   :'^\>   ..-::/;    -^77 -v  only  to  the  ihecTetical  woil  rf  j 
.v  vvn>    s    /  -   .-  ■   cr..:!:   the  smceni  to  ccir.p::te  theoreticd 
ho:>x-  •.\'.w,.-  :-:.:;>^.-y      X    zcocur.!  is  here  taken  of  iheeftectrf 
cUm:.i:-.v    :^ t  !>  :h.  ;:^-:-::  ;:  :he  renting  of  the  intake  air  uponth 
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volumetric  efficiency  considered.  In  other  words,  it  is  assumed 
that  there  is  no  clearance  and  that  the  volumetric  efficiency  is 
100  per  cent.  The  changes  produced  in  the  results  obtained  when 
both  of  these  factors  are  considered  are  outlined  in  Art.  413.  It  is 
hardly  necessary  to  add  that  friction  losses  in  the  machine  are  also 
neglected. 

The  work  of  compression  consists  of  three  parts:  Wiy  the  work 
of  charging  the  cylinder;  1^2,  the  work  of  raising  the  pressiure  of 
the  air  from  some  pressure  pi  and  volume  Vi  to  some  pressure  p2 
and  volume  V^;  and  W3,  the  work  of  forcing  the  compressed  air  out 
of  the  cylinder.  Wi  is  done  on  the  side  of  the  piston  opposite  to 
that  on  which  W2  and  Wz  are  performed  in  the  same  cycle,  hence 
the  total  work  of  compression 

W  ^Wt  +  Wz-  Wi, 

Let  Pi  =  absolute  pressure  during  suction  stroke,  pounds  per 

square  foot. 
P2  =  absolute  pressure  during  discharge  stroke,  pounds  per 

square  foot. 
Vi  =  volume  of  one  pound  of  air  at  pressure  Pi,  end  of 
suction  stroke,  in  cubic  feet. 
^^V^  =  volume  of  one  pound  of  air  at  pressure  P2,  end  of  com- 
pression, in  cubic  feet. 
Ti  =  absolute  temperature  at  end  of  suction  stroke. 
T2  =  absolute  temperature  at  end  of  compression. 
5  =  stroke  of  piston,  in  feet. 
51  =  stroke  during  which  air  is  discharged,  in  feet. 
F  =  area  of  piston,  in  square  feet. 

Fi  .      . 

f  =  —  =  ratio  of  compression. 

V2 

A,   Compression    of    Dry    Air.  —  (a)   Isothermal    compression. 
Work  per  pound  of  air, 

Wi  =  FPxS  =  PiViltAh^,  (7) 

Wz  =  FP2S1  =  P2V2  ft.-lbs.  (8) 

But  PiFi  =  P2V2.  hence  Wi  =  Wz. 
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From  Art.  177,  P- 33°. 


=  RTi  log.  §  =  RT^  log.  r  ft.-lbs. 


is) 

(9») 


The  term  "  free  air  "  refers  to  the  volume  of  air  under  suction 
conditions  of  pressi^e  and  temperature. 

To  compute  the  work  Wi  per  cubic  foot  of  free  air,  divide  Eq.  (9) 
by  the  specific  volume  of  air  for  Pi  and  Ti,  that  is,  by  Vi.    Then 


TF/  =  Pilog.§ 

-*  1 


(10) 


To  find  the  work  Wn  done  per  cubic  foot  of  compressed  air,  we  hwe 

Wn  =  P.Fxlog,^  =  P^V^  log.§. 

■«  1  -r  1 

Since  Fj  =  volume  of  compressed  air,  it  follows  that 

Pt 


W„  =  P.  log.  ^ 

(6)   Adiabatic  compression.    Work  per  pound  of  air. 
In  this  case: 


(n) 


Wi  =  PiF,  ft.-lbs. 


ft.-lbs. 


(") 
(13) 


From  Art.  177,  p.  331,  the  work  of  compression  is 

P^V, 


Wo=- 


7  - 

The  total  work,  then,  is 


iwV^W-'. 


(m) 


w  = 


(is) 
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'Worfc  Wi  done  per  culicfoot  of  free  air, 

iTi^  Wu  done  per  cubic  foot  of  compressed  air  at  temperature  Tt, 


w, 


-^.-^[(r-]-- 


■p. 


T-I 


ft.-lbs. 


(.7) 


lie  cranpressed  air  may  not  remain  at  the  temperature  T\,  but 
iBay  be  cooled  back  to  some  temperature  T\.    The  volume  will 
a  change  from  Vt  to  some  value  Ki',  so  that 

(18) 


■^-^.  from  which   V,' - 


K,'    r,' T, 

t*Wotl:  V^ui  P^  cufric  /0O/  0/  compressed  air  cooled  back  to  some 
mperature  Tt,  then,  is 


T'^kf-'W^W-h 


=  A.--,|(#)-(§yJ^rt..ibs. 


(■9) 


I    For  the  particular  case  that  the  compressed  air  is  cooled  back 
So  T,,  substitute  Ti   =  Ti  in  the  second  form  of  Eq.  (19)  above. 
,     The  work  Wiv  done  pet  cubic  foot  of  compressed  air  cooled  back 
to  'l\  will  then  be  found  to  be 


W,r- 


%-^[(r  ■-]"•-• 


Compariag  this  with  Eq.  (16),  it  wiU  be  seen  that 


.?!,. 


W,y 


(20) 

(21) 


The  temperature  rise  during  compression  may  be  found  from 


(") 
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widch  is  dedved  from  a  comhination  of  the  eqiatiGBS    t.  ^  —  ~^* 

The  exan^>les  at  the  end  of  Art.  412  wiD  show  that  wut 
work  is  reqiured,  for  the  same  amount  of  free  air  ocacfRscd. 
when  the  compression  fine  follows  the  adiahatir  than  whc  it 
foUows  the  isothermaL  This  becomes  apparent  also  whea  wt 
consider  the  compressor-indicator  diagram.  In  F%.  573.  BC  is  xbt 
isothermal  and  BC^  the  adiabatic  compiession  liiie.     The  wok  cj 


compression  is  in  the  first  instance  represented  by  the  area  ABCD. 
in  the  second  bv  the  area  ABCD.    Since  in  most 


I     I     W'  tt   ffi 


C  C^C' 


V 

Fic.  573- 

of  the  use  of  compressed  air  the  latter  cools  down  practically  to 
the  temperature  at  B  before  use,  it  follows  that  the  area  BCC 
is  lost  work.  The  aim  in  actual  practice  should,  therefore,  be  to 
compress  as  nearly  along  an  isothermal  as  possible;  hence  the  use 
of  cooling  during  compression.  The  exponent  «,  in  the  equation 
pz*  =  const.,  is  equal  to  i.o  for  the  line  BC^  and  to  1^08  for 
the  line  BC.  In  any  given  case  the  value  of  n  for  the  actual 
compression  line  £C"  will  be  between  these  values.  The  more 
perfect  the  cooling,  the  nearer  vntt  the  ideal  \'ahie  fi  =  i.o  be 
approached. 

B.  Compression  of  Moist  Air,  —  The  presence  of  moisture  in 
air  modifies  the  work  formula  above  devel<q)ed.  The  diflFerences 
introduced  are.  however,  so  small  in  the  average  case  that  they 
may  be  neglected  even  for  high-pressure  woA.  The  example  at 
the  end  of  Art.  41 2  shows  this  clearly.    For  the  purpose,  however, 
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of  giving  the  method  of  computation  involved  in  the  case,  the 
following  formulas  were  adapted. 

Let  P  =  absolute  pressure  per  square  foot  of  any  given  volume 
of  moist  air,  Pa  the  absolute  partial  pressure  per  square  foot  due 
to  the  dry  air  contained  in  the  volume,  and  P«,  the  absolute  partial 
pressure  due  to  the  water  vapor.    Then 

P=Pa+  P.^  (23) 

P^  must  in  every  case  be  determined  by  one  of  the  methods  given 
in  Art.  410,  after  which  Pa  becomes  known. 

The  weight  of  a  cubic  foot  of  saturated  moist  air  may  now  be 
computed  as  follows: 

Let  4  =  weight  of  a  cubic  foot  of  dry  air,  in  pounds  at  a  tem- 
perature T'y 

di  =  weight  of  a  cubic  foot  of  moist  air,  in  pounds  at  a  tem- 
perature T;  and 

62  =  weight  of  a  cubic  foot  of  the  water  vapor  contained  in 
the  saturated  moist  air.  This  is  found  from  steam 
tables. 

From  Art.  409,  Eq.  (4), 


5  =  .01874^-  (24) 


Hence 


«i  =  5+52  =  .oi874y+52 

P  —  P 

=  .01874 — ^^"^  +  ^  lbs.  per  cu.  ft.         (25) 

//  the  air  is  not  saturated,  but  the  relative  humidity  =  e,  then 

P  —  eP 

81  =  .01874 — — -  +  e62.  (26) 


Example.  —  Absolute  pressure  P  -  14.7  lbs.  per  square  inch  =  2117  lbs. 
per  square  foot;  /  =  100**  F.,  so  that  T  =■  460  +  100  =  560°.  Find  81  for  the 
fully  saturated  condition,  and  for  relative  humidity  =  50  per  cent. 

For  100®  F.,  8t  =«  .002851  lbs.  per  cubic  foot,  while  for  saturation  Pu,  =  144 
X  .946  «  136.2  lbs.  per  square  foot,  both  figures  derived  from  the  steam  table. 


■  k^-rlanF^TTJI  I1KG3V223JXG 


—  jDTNp::  =  jDii  -OS.  per  ol  tt. 


II  Bs.  per  OL  ft 


♦KI.     1..^.    _< 


tirgrrrsSpiHc  c  moeEC  nr  i^  ra=:pQs«d  of  two  parts: 

in*  tr^  £3r  roLtaiDed  in  agivai 


^   nt  vflci:  ri*.3izrec  lo  compress  the 
csb  --Qimit.     Jar  ibe  work  unda  («) 

'. i    ^»rv    -s*=T*:aiH:  nr.  xr}  i±  zfrtcQy  ai^'.    Woik 

t::.      c    -raoc:  -fc  lolinfs^    Tit  -waii-r  vspor  before  com- 

-..nri.'*  rsKHic  -laL  lit  Tsncent^zt  J:.  At  the  end 
■:r-ri.:  :s  viczar  i-  ^^  *mr  ±  imsc  hive  the  temperature 
-^-rrr    ^    3:   -ir     TTni  :al2^  itiL  -^^  r:kay  conq)ute  the 


-.    -  ==  T-^  in:  2CTe±ifiiicd  steam  in  the 

.rttrc  m  :Ei?cmr  bsii.  in  Chap.  XXI). 
w  TS   rt  rjmrrsascia:  /i«r  pound  of  dry  9/ 

3-   •      - 


^        -  :  { f:.-Ib6.  («8) 

>  i-.'r'Ticx**  :»   iii  *nci:int  cc  ibe  fonn  of  Eq.  (27)- 
^.-',  —.-..t:*.    \:i:T;r  ■i;xT    "Tie  "wcct  c-f  compressing  one 


'•"--^.^f'-T 


fi.4bs.  (ap) 


AIR-COMPRESSIXG   MACHINERY  961 

If  now  in  one  pound  of  moist  air  there  are  Ci  pounds  of  dry  air 
and  Gt  pounds  of  water  \'apor  (so  that  Gi  +  G^  =  i.o).  the  work  oj 
compressing  one  pound  of  the  moist  air  will  be 

w  =  c,ir.  +  G^n\  ft.-ibs.  uo) 

The  above  method  is  probably  not  quite  correct  on  account  oi 
heat  interchanges  between  air  and  water  vapor,  the  values  of  7 
being  different.  A  more  exact  and  simpler  way  is  to  compute  an 
average  value  of  y  for  the  mixture  of  air  and  water  vapor,  but  this 
does  not  separate  the  two  amounts  of  work  to  bring  out  their 
relative  importance.  The  error  in  the  first  method  is  in  any  case 
not  great,  and  it  may  be  used  for  the  purpose  of  obtaining  an  idea 
of  the  relative  pn^rtion  of  the  two  amounts  of  work. 

Average  7  =  c'  +  2c'''' '  ^^^^ 

in  which  C/  and  C/  are  the  specific  heats  for  air,  and  C/^  and  C," 
those  for  the  superheated  water  vapor,  while  m  is  the  weight  ratio 

of  water  vapor  to  air  in  one  pound  of  moist  air  =  -r  •  This  ratio 
may  be  computed  from  the  equation 

Rt       Pa         85.86   P,  P,  '^    ^ 

The  theoretical  work  required  for  one  pound  of  the  moist  air 
between  total  pressuj-es  Pi  and  Pj  is  then  computed  from  Eq.  (15)^ 
eicept  that  for  the  value  of  7  for  dry  air  the  average  value  of  7  for 
the  mixture  is  substituted. 

4X3.  Theoretical  Compressor  Horse  Power.  —  Let  the  theoretical 
mxk  required  to  compress  one  cubic  foot  of  free  air  under  given 
condition  be  in  general  W  foot-pounds.  li  d  =  cylinder  diameter 
in  feet,  /  -•  stroke  of  piston  in  feet,  n  =  revolutions  per  minute, 
and  m  »  number  of  cylinder  ends  in  operation,  the  volume  capacity 
of  the  theoretical  compressor  will  be 

• Inm  cu.  ft.  per  min. 

4 


ccMnpand  with  ^fijat^tif  tad  m  tbe  coo^mt^lml  z£ 
ompaml  with  moEt. 

EiampU-  —  Cjl  dia.  rf  =  ;  wt;  HoAe  /  -  4-=  Ml-  ■  =  =: 

^mtat  b  tvo-cviindeT  docUc-adaig,  w  dtu  ■  -  x:  ■"•~^''  ; 
lbs.  per  iqoire  iiidt  atadnif.  '^^■'•^■y  ^«i-— ir  —  «c  3bs.  ;e 
ahMriou. 

Case  L  Isotbemal  CoopcanxL  Drr  Aat  — 


Fb3BiE4'i6    if  =  />,- 


7[(r-]-— ^[ 


-  14^  I4*X  i^i'zAf 


H-P. 


initial  tempoaniTe  of  the  at  «a>  70^  f*  =  SB*  a 


=  ^'K; 


aai  :he  [gtnpcanre  rise  =  7:7  —  ^jc  =  iSt'- 
Cl^  m.    C'OmpressiiiC  oc    Uoist    Mr.  —  i 
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Then 


.2384-  .0082  X  453      .2417  ^ 

mean  7  =   -^ — -^^  =  — ^i  =  1.406. 

.169  -h  .0082  X  .345      .1718 


With  this  value  of  7,  the  work  of  compressing  one  cubic  foot  of  moist  air  is 

1.406 


W^Pi 


7-  I 


ir-]-"x 


144  X 


.406 


.406  "I 


-  14  X  144  X  3.46  (2.8s^«»  -  i)  =  2455  ft.-lbs. 

H.P.  -  -7^54  X  5*  X  4-5  X  35  X  4  X  2455  ^ 

33,000 

413.  Effect  of  Clearance)  Volumetric  Efficiencyi  and  Slip.  —  The 
fact  that  there  is  clearance  in  the  cylinder  and  that  the  air  caught 
in  this  clearance  reexpands,  does  not  in  any  way  aflfect  the  work 
formulas  for  pounds  or  for  cubic  feet  of  air  handled.  Its  only 
effect  is  to  reduce  the  capacity  of  the  compressor. 

In  Fig.  574,  let  the  volimie  in  the  cylinder  at  the  end  of  the  suction 


stroke  =  Vi,  the  volume  after  compression  =  F2,  and  the  clearance 
volume  =  F|.  At  the  end  of  the  instroke  the  clearance  volume  Vi 
is  filled  with  air  imder  pressure  =  P2,  On  the  next  outstroke  the 
air  expands,  following  the  piston,  imtil  at  the  suction  pressure  Pi 
the  volume  V^  is  reached.  Not  until  this  condition  is  attained  can 
the  cylinder  draw  in  a  fresh  supply  of  air  from  the  outside. 

Volumetric  efficiency,  E^,  is  defined  as  the  ratio  of  the  volume 
of  free  air  actually  compressed  in  a  given  time  to  the  piston  dis- 
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placement  in  the  same  time.  If  multistage  compressioo  is  used 
{Mston  di^lacement,  of  course,  refers  to  the  k>ir-pres5iire  cyimder 
only.  Engineers  use  several  methods  of  computizig  vohimet^ 
efficiency,  but  there  is  only  one  accurate  way,  and  that  is  to  deter- 
mine it  experimentall>'  by  actually  measuring  the  air  taken  in 
or  discharged,  or  both,  as  a  chedL  The  free  air  thus  determined 
di\ided  by  the  piston  diq)lacement  is  the  true  vcdumetric  effideca . 

The  best  ai^roximate  computadcMi  is  the  following:  Let  P^  =: 
the  pressure  of  the  free  air  outside  of  the  cj'linder  i^  barometer 
pressure);  Pi  =  pressure  in  the  c\'linder  at  end  <rf  suctioo  stroke 
(less  than  P^  on  account  of  losses  throu^  the  intake  \"alves>;  7i  = 
absolute  temperature  of  free  air  outside  of  cj'^linder;  7i  the  absointe 
temperature  at  the  end  of  the  sucti<Hi  strtd^e  (usually  higKiT  tlian 
Tt  on  account  of  heating  of  the  incoming  air  by  the  c>'Iinder  walls  ; 
V,  =  piston  displacement  per  strtd^e;  F,'  =  useful  or  cffecthc 
piston  displacement  per  stroke  (see  Fig.  574) ;  G^  =  the  wei^t  of 
free  air  in  the  volume  F,;  and  C,'=  the  weight  in  the  volume  \\\ 
Then  approximaU,  or  apparent,  volumetric  effidency 

PiV.' 
G,  _  RTyP.V.^T, 

^^   G.     pj\    PfcF.ri         ^         ^'^' 

RTt 

Of  the  factors  in  this  equation,  Pi  may  be  measured  from  an 

indicator    diagram,  P^  is  found  by  barometer,  F,  is  proportional 

to  the  distance  Fi  —  Vz  (Fig.  574),  and  F,'  to  the  distance  Fi  —  Va. 

Tb  is  easily  found,  but  the  value  of  Ti  is  uncertain  and  can  only 

T 
be   assumed.      On  account  of   this  uncertainty,  the  ratio  ;=r  is 

Ti 

sometimes  neglected  or  assumed  equal  to  i.o,  and  the  equation 

for  apparent  volumetric  efl5cienc>^  is,  then, 

This  form  of  the  equation  corrects  for  pressure  dififerences,  but 
neglects  temperature  effects;  it  is  equivalent  •to  the  ratio  of  the 
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A"ff' 
58-.^  ,  I  Hg.  574.    Finally,  in  rough  computations  a  further 

qi{»axiination  is  made,  n^ecting -^  >  so  that 

lliere  is,  liovever,  no  good  reason  for  ever  using  form  m.  Form 
n  is  largely  employed  in  estimating  capacity,  but  none  of  these 
farms  sMould  be  used  in  computing  air  delivered  on  tests.  Even 
mimuig  that  T^i  is  known,  form  I  is  approximate,  in  that  it  neglects 
kmes  through  leakage.  On  all  tests  the  air  taken  in  or  discharged 
dxxild  be  actually  measured.*  Where  computations  must  be  based 
OD  ^^wroit  volumetric  efficiencies,  the  lower  part  of  the  diagram 
ihould  be  taken  with  a  weak  spring. 

SUp  is  defined  as  the  difference  between  the  piston  displacement 
ind  the  actual  volume  of  free  air  delivered,  both  based  on  the  same 
time  uniL  The  percentage  of  slip  is  the  cubic  feet  of  slip  in  a  given 
time  divided  by  the  piston  displacement  in  the  same  time. 

414.  The  Effldan^  trf  Compression  and  the  Mechanical  ^Scienc; 
of  flu  Machine.  —  The  efficiency  of  compression  is  the  ratio  ol 
the  theoretical  work  TTu  required  to  compress  isothermaliy  a  given 
volume  of  free  air  under  stated  conditions  from  a  pressure  Pi  tc 
a  pnasure  i*t,  to  the  work  W,  required  to  do  this  in  an  actual  case. 
mie  efficiency  of  compression,  therefore,  is 

£.-!»•  (35) 

"  It  is  perfectly  easy  to  obiaia  high  apparent  volumetric  efficiencies,  that  is,  a; 

tnmputed  from  the  cards.     Wi(h  mechanically  operated  intake  valves,  for  instance, 

il  is  possible,  by  opening  ihc  intake  at  the  inner  end  of  tbe  stroke,  allowing  the  ail 

compressed  in  the  clearance  sp.iLM  to  flow  into  the  intake  pipe,  to  obtain  a  vertical 

drop  liom  receiver  to  intake  prcaure,  as  far  as  the  indicator  diagram  is  concerned. 

It  must  be  apparent  that  (his  scheme  has  not  in  any  way  improved  the  true  volumetric 

efficiency  of  the  compressor.     Another  method,  used  in  an  attempt  to  decrease  the 

effect  of  clearance,  ia  to  equalize  the  pressure  on  both  sides  of  the  piston  near  the  end 

^Ihe  stroke  by  having;  ihc  |)istnri  open  a  hy-pass connecting  the  two  ends  of  the  cyl- 

s  method,  while  it  helps  the  end  of  the  cylinders  in  which  the  pressure  is 

d.         ■  decrea^  the  effective  charge  volume  on  the  other  side,  and  the 

ric  efficiency  ii  concerned  is,  therefore,  fictitious. 
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Wa  may  be  directly  computed  from  Eq.  (9)  or  (9a),  while  IT. 
is  found  from  actual  indicator  diagram. 

The  mechanical  efficiency  £.  of  an  air  compressor  is  defined 
as  the  ratio  of  the  air  horse  power  to  the  horse-power  input  used 
to  operate  the  compressor.  If  the  prime  mover  is  a  steam  engiiie, 
as  is  most  often  the  case,  the  power  input  is  the  I.H.P.  of  the 
steam  c>'linder  or  cj'linders,  if  the  engine  is  direct-connected.  K 
any  prime  mover  used  to  run  the  compressor  is  belt-connected, 
some  allowance  for  the  eflSciency  of  transmission  must  of  couisc 
be  made.  This  point  should  be  made  a  matter  of  specification  in 
ever>-  guarantee  contract,  as  the  proper  allowance  to  be  made  for 
the  efficiency  of  a  belt  drive  is  not  at  all  definite,  but  depends  upon 
circumstances.    Xinety-five  per  cent  at  full  load  is  a  conmion  figure. 

The  air  or  compressor  horse  power  is  compute?  litJE'lndieJtns^ 
diagrams,  speed,  and  engine  constants  in  exactly  the  same  way  as  : 
for  the  indicated  horse  power  of  a  steam  engine. 

It  should  be  noted  that  the  mechanical  eflSciency  of  the  machine 
as  above  computed  not  only  takes  into  account  the  friction  losses 
in  the  machine  members,  but  also  the  fluid  friction  losses  incident 
to  taking  in  and  discharging  the  air. 

If  the  ideal  isothermal  compression  line  is  drawn  in  on  the  avenge 


compressor  diagram  of  a  test,  as  is  done  in  Fig.  575,  some  of  these 
losses  become  apparent  and  may  be  estimated.*    Thus,  in  Fig.  57S1 

For  a  detailed  mathematical  discussion  of  the  estimation  of  the  various 
'^compressor,  the  student  is  referred  to  v.  Ihering,  "  Die  Geblise." 


K.'^ 


AIR-COMPRESSING  MACHINERY  967 

Shaded  area  Ft.  =  Loss  due  to  heating  of  air  during  compression; 

Shaded  area  ^t  =  Loss  due  to  work  required  to  force  the  air 

(and    in    some    cases    also    cooling    water) 

through  discharge  valves  and  ports; 

Shaded  area  Ft  =  Loss  due  to  resistance  encountered  by  the 

incoming  air  in  passing  intake  valves  and 

ports. 

415.  UoltiBtage   Compressioa.  —  It  has  already  been  pointed 

ont  that  one  of  the  main  reasons  why  the  actual  work  of  compression 

is  greater  than  the  theoretical  isothermal  work  lies  in  the  fact  that 

the  air  is  imperfectly  cooled  during  compression.    This  is  one  of 


I- 

rtfi' 

i          ,^y 

\l    *''''^' 

M           '        '■' ' 

\   ^" 

'^^^=:==_ 

1! 

' 

Fkj.  st*- 

llie  practical  difficulties  that  cannot  be  overcome  by  any  system 
cf  cylinder  cooling.  To  minimize  this  loss  as  far  as  possible, 
cq>ecially  for  high-pressure  work,  it  is  common  practice  to  di\'ide  the 
total  wmk  into  stages  and  to  cool  the  air  between  the  stages;  thus  a 
two-stage  compressor  con^ta  of  a  low-pressure  cylinder,  in  wliich  the 
air  is  cooqiressed  from  atmospheric  pressure  Pi  to  some  ]>ressure  Pi 
(see  Elg.  576).  It  is  then  transferred  to  an  intermediate  receiver, 
"  in  which  it  is  cooled  more  or  less,  depending 


1 
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upon  the  emcienor  of  the  cooler.  The  ideal  case,  of  course,  is  to 
cool  the  air  back  to  the  temperature  Ti,  which  it  p)ossessecl  at  the 
beginning.  The  air  from  the  intercooler  next  passes  into  the 
second  or  high-pressure  cylinder,  in  which  the  pressure  is  raised 
irom  the  intercooler  pressure  P^  to  the  discharge  pressure  P%. 
Similarly,  a  three-stage  compressor  has  a  low,  an  intermediate, 
jlpA  a  hiirh-pressure  cvlinder  with  Intercoolers  between  the  cyl- 
inders. 

How  many  stages  can  be  economically  employed  depends  larg^ 
upon  the  pressure  to  which  the  air  is  to  be  raised.  It  is  a  fact  that 
each  stage  will  show  a  sa\'ing  in  work  as  far  as  the  compression 
itS4.'li  is  concerned,  but  there  is  a  point  at  which  such  sa\Tiig  is 
balanced  by  increased  friction  and  leakage  losses  and  beyond  whidi 
it  'lues  not  pa\-  to  increase  the  number  of  stages.  Two-stage  com- 
prc>si«,>n  is  commonly  employed  where  the  pressure  to  be  attained 
cxcv-cds  oc  to  So  lbs.  p^T  square  inch;  the  use  of  three  stages  is  not 
vtry  cv;nuiion.  Even  in  two-stage  compression,  bad  valve  design 
and  inctricicnt  intercooling  may  easily  make  the  two-stage  opcra- 
ti«^n  /t>":?  economical  than  single-stage  between  the  same  pressure 
'.-r^iits  would  have  been. 

I «: mining  the  discussion  to  two-stage  compression,  and  con- 
Vivien  ni:  intercooling  to  initial  temperature  Ti  the  ideal  case,  the 
:herrt.'tical  saving  over  single-stage  adiabatic  compression  can  be 
-,i>ily  -hown.  In  Fig.  57O,  BC  is  the  isothermal  and  5C' theadia• 
■  .-.-ic  compression  line.  In  single-stage  compression  the  loss  due 
\  ■■  '.he  .ibscnce  of  cooling  is  measured  by  the  area  CBC.  If  now 
we  c  ripress  in  a  low-pressure  cylinder  to  some  intercooler  pressure 
I\  Al^rrz  tho  adiabatic  BE,  the  work  done  in  the  low-pressure 
e\  liruler  wi'i  l.v  represented  bv  the  area  ABEF.  The  intercooler 
i^  as>i:rvAMi  to  o>ol  at  constant  pressure  P*  to  the  initial  temperature 
/':,  loeatinv:  the  point  £'.  The  volume  represented  by  FE  is 
then  drawn  into  the  high-pressure  cylinder  and  compressed  along 
the  adiabatic  EC"  to  the  pressure  Pz.  the  work  done  in  this  cylindff 
being  FE'C'D.  The  total  work  done  in  both  cylinders  is  repit- 
sented  by  the  area  .1  BEE'C'D,  which  is  less  than  the  work  ABCD 
by  the  area  EE'CC\  which  therefore  represents  the  sa\"ing  undff 
the  conditions  assimied. 
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The  work  done  in  ibe  two  cylinders  should  be  equal,  which  means 
ttat  there  is  some  theoretically  best  intercooler  pressiue  Pt  which 
ibwld  be  maintained.  The  student  is  referred  to  Peele,  "  Com- 
pKSBed  Air  Plant,"  for  the  development  of  mathematical  express 
Axa  for  the  wOTk  dcme  in  each  cylinder  and  for  the  best  intercooler 


416.  The  Construction  of  the  Combined  Diagram  for  a  Two- 
tbtgB  CompreMor  and  the  Saving  due  to  Cylinder  Jackets  and 

-  !□  practice  the  discussion  of  the  previous  article  is 
1  by  the  following  factors:  The  compresaon  in  each  cylinder 
h  not  adiabatic,  but,  owmg  to  the  use  of  cylinder  cooling,  the  com- 
frewom  line  lies  between  the  adiabatic  and  the  isothermal;  the 
actko  of  the  intercooler  may  not  be  effective  enough  to  cool  the  air 
to  the  initial  tonperature,  or  if  the  cooling  is  very  efficient  the 
tenqiGnture  may  be  less  than  Ti  at  entrance  to  the  high  pressure; 
oving  to  losses  in  pas^ng  through  valves  and  intercooler,  the  dia- 
fpaam  for  the  two  cylinders  may  overlap  instead  of  meeting  in  a 
ine  like  PEf,  fig.  576.  The  overlapping  area  means  lost  work. 
tbuUly,  the  clearances  in  the  two 
Q^nders,  which  are  usually  not  n 
tte  fame  percentage  of  the  stroke  m 
^mw—^  has  a  certain  effect  •*-  I 
ifoa  die  relative  position  of  the  "■  ^ 


To  construct  the  cranbined  dia- 
gram,  select    average   high-  and   ' 
low-pressure  cards  from  the   set   ' 
obtained  on  the  tat,  and  proceed 
to  combine  these  in  ejiactly  the 

same  way  as  explained  for  steam-     «mpn« 

engine  diagrams  in  Chap.  XVI,  Fig.  577. 

setting  otf  the  diagram  for  each 

cylinder  from  the  zero  volume  line  a  distance  proportional  to  the 
clearance  for  that  cylinder.    Fig.  577  shows  the  high-  and  low- 
.oressure  cards  for  a  two-stage  compressor,  for  which  the  following 
MM  dte  "■<>'"  data; 
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Diameter,  H-P,  q^Hnder ^A-^z' 

Diameter,  L.P.  cyiindcr 3^ a" 

Stroke 4^^^ 

Piston  dispiacemenc  iLP.  q^imdcr. .  1x^3  en.  ft. 

Piston  displacement,  L.P.  q^iinder. .  5x54.  co.  fit. 

R.p.m..  - 11 

Qearance,  H.P.cylinder i  per  cent. 

Cie^SLUCt^  LP.  cyiinder. i  per  cent. 

Clearance  volume,  H.P.  cyiinder. . .  .12S  en.  fc 

Gearance  volume,  L.P.  cyimder..  . .  323  ox.  tt- 

Total  volume,  H.P.  cyiinder ^^j^j^  c^  ^ 

Total  volume,  LP.  cyiinder. 32j66s  cxl  ft. 

Barometer  reading,  2^.6''  » 14.0  Ebs.  ahuninfr. 

Intercooier  pressure.  26  lbs.  >* 40^  lbs.  afasohxte. 

Reservoir  pressure.  65  lbs.  — 79.0  lbs.  abaohite 


Fig.  578  shows  the  two  diagrams  combined.    To  show  the  sa^rine 
efitected  by  the  low-pressure  jacket,  draw  from  £  tbe  isotfaermal 
EC  and  the  adiabatic  EG,    Since,  witlioiit  any  cooiizig  whatever, 
the  compression  line  would  have  followed  jGG,  the  area  £GFE  wiE 
represent  the  saving  due  to  the  low-pressure  jacket.    Assume  that, 
beginning  with  F,  the  air  is  discharged  into  the  intercookr  at 
constant  pressure.     The  volume  discharged  is  represented  by  FX. 
Now,  if  the  reexpansion  lines  of  the  two  diagrams  crossed  the  imttr- 
cooler  pressure  line  at  the  same  point,  and  if  there  vxre  no  inUrcodin^ 
whateier,  the  suction  line  of  the  high-pressure  card  would  bring 
us  back  exactly  to  the  point  F,     But  there  is  usually  a  difference 
in   the  volumes  sho^^Ti  by  the  reexpansion  at  intercooier  pressure, 
o\^ing  to  differences  in  clearance  in  the  two  cylinders,  which  dif- 
ference in  this  case  is  equivalent  to  the  distance  XZ>.      Hence.  stiD 
assuming  that  there  is  no  intercooling,  the  high-pressure  suction 
line  will  extend  only  to  F'  instead  of  to  F,     Adiabatic  compression 
in  the  hi^h-pressure  cylinder  would  then  have  given  the  line  F'L 
InterccKjJing,   however,  has  decreased  the  volume  at  the  end  of 
high  f)ressure  suction  to  the  point  K,  and  adiabatic  compression 
from  that  point  gives  the  line  KL,     Hence  the  saving  due  to  inter- 
cooier action  is  measured  by  the  area  F'lLK'F',     From  K  draw 
also  the  isothermal  K  N.    The  area  KLMK  included  between  the 
adiabatic  KL  and  the  actual  compression  line,  KM^  measures  the 
saving  due  to  the  high-pressure  jacket. 
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The  combined  diagram  here  given  is  not  a  good  example  ot 
practice  in  two-stage  compression.    This  will   become  aH)araii 
when  we  compare  the  actual  gains  made  with  the  possible  gains 
and  actual  losses.    The  possible  saving  in  cooling,  the  c\'linders  is 
measured  by  the  area  EGCE  in  the  low^ressure,  and  by  area 
KLXK  in  the  high-pressure  cj'linder.      Both   cj'linder  jackets, 
therefore,  appear  to  be  inefficient.    The  intercocder,  when  efficient 
should  cool  the  air  back  to  the  initial  temperature,  that  is,  back  to 
the   isothermal   EC.    Its  inefficiency  is   consequently   apparent 
The  actual  friction  and  valve  losses  are  in  this  diagram  indicated  by 
the  area  below  the  atmospheric-pressure  line,  the  area  above  the 
reservoir-pressure  line,  and  the  overlapping  area  of  the  two  cards, 
above  and  below  the  intercooler-pressure  line.     It  may  be  assumed 
that  two  of  these  losses,  that  at  low-pressure  suction  and  high- 
pressure  discharge,  are  present  also  to  a  similar  extent  in  single- 
stage  compression;  but  the  loss,  due  to  the  friction  in  low-{»essure 
discharge  valves,  intercooler,  and   high-pressure    suction  \-alves, 
measured  by  the  overlapping  area  KPXRKj  is  directly  chargeable 
to  the  use  of  the  two-stage  principle  and  should  be  o£fset  against 
the  intercooler  saving.     In  this  case,  the  net  result  is  a  positive 
loss,  owing  to  inefficient  intercooling  and  bad  design  of  intercooler 
and  valves. 

417.  The  Computation  of  Efficiencies  in  Multistage  Compression. 
—  The  true  volumetric  efficiency  £,<  and  the  mechanical  efficienc}' 
£„  are  computed  exactly  as  for  the  single-stage  compressor  fsee 
Arts.  413  and  414).  The  apparent  volmnetric  effidency  E^^  is,  of 
course,  computed  from  the  low-pressure  card.  The  efl5cienc>'  of  com- 
pression Ec  is  again  the  ratio  of  the  theoretical  (isothermal)  work  of 
compression  to  the  actual  work.  In  Fig.  578,  the  actual  work  is 
the  equivalent  of  the  sum  of  the  areas  of  the  two  cards,  that  is, 
EFPXSE  and  KMTDRK.  The  theoretical  work  may  either  be 
computed  from  the  equation  given  in  Art.  411,  or  it  may  be  de- 
termined from  the  combined  diagram.  The  area  representing  the 
theoretical  work  for  the  low-pressure  cylinder  is  ABCXA,  the  line 
XA  being  the  isothermal  reexpansion  line.  To  determine  the 
theoretical  work  for  the  high-pressure  cylinder,  set  oflF  the  distance 
CB'  equal  to  the  distance  DX,  and  draw  the  isothermals  B'C 
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uod  jyA'.  The  theoretical  work  for  the  high-pressure  cylinder 
s  then  represented  by  the  area  A  'B'CD'A '. 

The  higher  the  efficiency  of  cooling,  the  greater,  of  course,  will 
)ft  the  value  of  £«.  With  a  very  efficient  intercooler  and  low  tem- 
)eratures  of  cooling  water,  it  is  even  possible  to  cool  to  such  an 
sctent  that  the  point  K  will  lie  to  the  left  of  the  isothermal  £C,  in 
riuch  case  the  efficiency  of  compression  may  approach  or  exceed 
100  per  cent,  provided,  of  course,  that  friction  losses  are  reduced 
to  the  minimum. 

418.  Arrangements  for  Testing  Piston  Compressors.  —  The  main 
items  to  be  determined  for  an  efficiency  and  economy  test  are: 
(il)  the  power  input  (steam  horse  power,  motor  horse  power,  etc.) ; 
(JB)  the  air  horse  power;  and  (C)  the  weight  or  volume  of  air  handled. 
A  complete  test  should  further  record  speed,  pressure,  and  tem- 
perature of  surrounding  air,  inlet  and  outlet  pressures  and  tem- 
poatures,  and  all  intermediate  pressures  and  temperatures,  if 
multi-stage  compression  is  used;  also  the  temperatures  of  all  the 
water  entering  and  leaving  all  of  the  jackets. 

A.  The  Power  Input, — The  most  common  motive  power  is 
steam;  next  electric  energy  is  largely  employed.  For  methods  of 
determining  the  power  delivered  to  the  air  cylinders  by  any  of 
the  types  of  prime  movers  ordinarily  employed,  see  the  particular 
chapters  concerned. 

When  the  prime  mover  is  an  electric  motor,  hydraulic  motor, 
or  when  a  belt  drive  is  used,  the  measurements  on  this  end  confine 
themselves  generally  to  the  determination  of  the  horse-power  input. 
In  case  a  steam  engine  is  used,  the  test  may  of  course  be  extended 
to  a  complete  test  of  engine  and  boiler  plant,  for  which  see  Chaps. 
XVn  and  XVIII. 

B.  Ait  Horse  Power.  —  This  is  the  indicated  horse  power  as 
Donqiuted  from  cards  taken  from  the  air  cylinders.  The  computa- 
tion is  exactly  the  same  as  for  horse  power  from  steam  cylinders. 

The  rules  to  be  observed  in  the  attachment  and  use  of  indicators 
on  the  air  cylinders  are  also  the  same  as  for  steam  (see  Chaps. 
XV  and  XVI)^  and  no  special  precautions  are  necessary. 

C  Weight  or  Volume  of  Air  Handled,  —  This  measurement  is 
Vexy  inq)ortant  and  is  the  one  hardest  to  make  accurately  in  con- 
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nection  with  an  air-compressor  test,  especially  if  the  plant  is  kugc. 
In  that  case  some  of  the  most  reliable  means  available,  that  is, 
gasometer  and  meter,  can  no  longer  be  used  on  accoimt  of  the  cost 
of  the  apparatus.  In  fact,  under  any  circumstances,  the  measure- 
ment is  not  a  simple  one.  and  for  that  reason  it  is  often  agreed  to 
compute  the  quantity  of  air  delivered  from  the  piston  displacement 
and  the  apparent  volumetric  efficiencj'  (as  computed  from  the 
card'.  It  should  be  distinctly  imderstood  that  this  method  is 
approximate  and  may  lead  to  considerable  errors.  If  used,  E^ 
should  be  computed  only  from  a  card  taken  with  a  weak  spring  and 
stops. 

For  ver}*  accurate  work,  air  may  be  measured  both  at  inlet  and 
outlet  of  the  compressor.  The  means  available  at  the  inlet  are: 
gasometer,  meter,  anemometer.  Of  these  the  former  is  the  most 
accurate.  The  anemometer  is  not  recommended,  although  it  pos- 
sesses the  decided  advantage  of  large  capacity  as  compared  with 
the  other  two.  At  the  outlet,  besides  the  three  methods  above 
given  for  the  inlet,  any  one  of  the  follo^^ing  methods  is  also  avail- 
able: orifice,  Venturi  meter.  Pitot  tube,  nozzle,  pumping  up  a  tank 
from  a  lower  to  a  higher  pressure,  calorimetric  means. 

The  theor}-  imderlying  any  of  these  methods,  together  with 
the  accuracy  attainable  and  the  limitations  to  applicability  in 
individual  cases,  has  been  discussed  at  length  in  Chap.  XII.  One 
or  two  illustrations  of  actual  apparatus  used  may,  however,  be  of 
service. 

Fig.  570  *  shows  the  method  employed  by  Professor  Josse  in  the 
labonitoF}-  at  Charlottenburg  for  small-sized  air  compressors.  The 
compressor  C  is  in  this  case  driven  by  belt  from  a  steam  engine  D. 
The  air  is  measured  both  at  inlet  and  outlet.  G  is  a  gas  meter 
connected  to  the  inlet;  Ri  being  a  small  rt^reiver  to  deaden  the 
pressure  fluctuations  due  to  suction,  and  I'l  a  valve  to  control  the 
suction  pressure  if  desired.  Manometers  are  indicated  to  obsenT 
the  pressures  both  at  the  meter  and  in  the  suction  receiver.  Tbt 
high-pressure  air  is  first  delivered  into  a  small  receiver  R2  and  from 
this  is  either  allowed  to  escape  at  O  or  is  pxunped  into  the  laigc 
measuring  tank  Rz.    The  vahe  To  serves  to  regulate  the  pressure, 

•  Zeitschrift  des  Vertins  deutscher  Ingenieure,  Feb.  4,  1905. 
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shown  by  gauge  G2,  against  which  the  compressor  is  discharging, 
and  this  is  kept  constant  during  a  trial  of  air  delivery.  The  capacity 
of  the  large  tank  is  about  700  cubic  feet.  The  method  of  operating 
this  apparatus  is  practically  that  outlined  in  Art.  230,  p.  438. 
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Fig.  579. — Method  of  Measuring  Air  by  Pumping  up  a  Reservoir. 

Air  is  allowed  to  escape  at  O,  until  the  pressure  at  Go  and  that  in 
the  tank,  measured  at  G3,  are  determined.  Obser\'e  also  the  tem- 
perature at  T,    Then,  closing  O,  let  the  pressure  at  G3  increase  to 
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Pia  580.  —  Orifice  Method  of  Measuring  Air  at  Outlet  from  Compressor. 

the  desired  limit,  keeping  G2  constant.    At  the  end  observe  Gz  and 
the  temperature.     The  formula  for  computing  weight  of  air  from 
this  data  is  also  given  in  the  article  mentioned. 
Fig.  580  *  shows  an  orifice  method  of  measurement  used  in  the 

*  Zeiiscknfi  des  Vereins  detUscher  Ingenicure^  Oct.  30,  1909. 
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teat  ot  a  Cfxnpresaor  ddiveriii^  about  140.000  cahic  sec  if  air  pc 
hour  afpinat  a  prcssore  of  ibotcc  115  lbs.  T^  conqizEsaur  deitviiai 
bT9t  into  a  Kcm'cr  tuvin^  a  capaci?  <^  105a  cnh«r  xei.  Toe  b- 
terpositioo  oi  a  receho'  ia  pcactically  a  ngrg^arry  az-  mv  sjshoi 
<A  measurement,  to  obtain  atea^  Ssm.  Tbe  "i-ftir-n  naeti  was  bed- 
nuMith.  diameter  at  smaQ  end  i-p".  large  esid  i-jJ  ".  lengrJi  in ' 
radiua  ^f  cun'ature  at  entrance  do",  coostant  C  ~  -975-  f-v  s- 
charge  formula  see  .Ana.  230  to  233.  Tlie  zsaa^snxsu.  at  appaiacs 
for  measuring  pressure  and  tcmpaatsre  are  tatSated.  V  a  2. 
regulating  valve  to  inafntaiti  at  the  prapo'  tevd  tbe  pccsEon  P. 
against  irhjch  the  compresaor  is  <Ii5cii2rgit^ 

Another  orifice  method.  capaUe  of  iarge  capootv.  k  ^iowz  ■z 
Fig.  581.    Here  the  compresGor  deiivcn  into  the  receive'  R,  -z 


Fif,.  ^-M 


-OfiincE  Meth'ic 
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which  the  dt-sirtd  pressure  is  maintained  by  means  of  \alves  I'l 
:ind  V,.  as  read  at  Gj.  The  air  discharges  into  Rt,  vfaich  is  furnished 
with  a  number  of  discharge  orilices  around  the  bottom  as  indicated 
The  pressure  in  R^  is  determined  by  the  open  mercur>-  column  -If, 
which  may  also  he  used  to  measure  the  pressure  in  JEi  by  throwing 
over  the  three-wa)-  cock  H.  unless  the  pressure  is  too  high.  Tem- 
perature is  measured  at  T.  The  water  seal  merely  serves  the  pur- 
pose of  deadening  noise.  By  substituting  plugs  for  the  orifices  the 
capacity  of  the  apparatus  may  be  changed  at  wifl.  The  computa- 
ti<;n  of  deliver^'  is  of  course  the  same  as  for  any  orifice  measuremoit. 
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419.  Record  of  Data  and  Computations  for  Air-compressor 
Test«  —  The  forms  on  pages  979  and  980  show  the  necessary  data 
to  be  observed  for  a  test  on  a  two-stage  compressor  driven  by  a 
compomid  engine.  The  method  of  air  measurement  is  in  this  case 
by  convergent  nozzle.  The  pressure  discharged  against  by  the  com- 
pressor is  kept  at  the  desired  point  by  a  valve  just  ahead  of  the 
nozzle.  The  first  form  takes  care  of  the  data  and  computations 
obtained  from  the  steam  and  air  cards.  The  second  records  the 
general  readings  of  speed,  pressures,  temperatures,  etc. 

The  principal  data  and  results  to  be  reported  are  given  in  the 
following  table: 

RESULTS  OF  AIR-COMPRESSOR  TEST. 

1.  Date  of  test 

2.  Duration  of  test,  hours 

3.  Diameter  of  cylinders,  inches: 

(a)   Steam,  H.P ;  (6)   Steam,  L.P ; 

(c)  Air,  H.P ;  (d)  Air,  L.P 

4.  Stroke,  inches: 

(a)  Steam  cylinders ;  (b)   Air  cylinders 

5.  Diameter  piston  rods»  inches 

Av.  per  cent  of  clearance  in  air  cylinders,  H.P ;  L.P. . . . 

Revolutions  per  minute: 

(a)   Prime  mover ;  {b)  Air  cylinders 

6.  Average  observed  readings : 

(A)  Pressure,  absolute: 

(a)   Steam ;     (b)  Vacuum,  condenser. . . . ;     (c)   Barom- 
eter  ;      ((/)   Air  suction ;     (e)   Intercooler ; 

(/)   Receiver ;  (g)   Pressures  at  measuring  apparatus 

{B)  Temperatures,  °F. : 

(a)  Steam ;  (b)  Air  at  intake ;  (c)  Air  leaving  L.P. 

cyl ;  (d)  Air  leaving  intercooler ;   (e)  Air  leaving 

H.P.  cyl :  (/)  Jacket  water,  L.P.  cyl.,  entering 

leaving ;  (g)  Jacket  water,  H.  P.  cyl.,  entering 

leaving ;  (A)  Jacket  water,  intercooler,  entering 

leaving ;  (0  Temperatures  at  measuring  apparatus 

(C)  Weights,  pounds  total: 

(fl)  Condensed  steam,  or  feed  water  to  boiler ;  (b)  Steam 

to  steam  jackets ;  (c)  Cooling  water,  L.P.  aii-cyl.  jacket 

;(d)  Cooling  water,  intercooler  jacket ;(e)  Cooling 

water,  H.P.  air-cyl.  jacket 
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RESULTS  OF  AIR-COMPRESSOR  TEST.  —  Cj;:::i:ucd. 

7.  I.H.P..  H.P.  Steam  cylinder  

S.  I.H.P..  L.P.  steam  cvlinder 

o.  Total  I.H.P..  steam  end 

10.  l.H.P..  H.P.  air  cvlinder 

u.  I.H.P..  L.P.  air  c\-linder    

12.  Total  air  l.H.P.  ' 

13.  Pounds  of  wet  steam  per  steam  l.H.P.  per  hour 

1 4.  Quality  of  steam,  per  cent 

1 5.  Pounds  of  dry  steam  per  steam  l.H.P.  per  hour 

1 6.  Pounds  of  dr>'  steam  per  air  l.H.P.  per  hour 

17.  Hoai  supplied  in  one  pound  of  steam,  B.t.u 

1 S.  I leat  supplied  per  hour  per  steam  I.H.P.,  B.t.u 

10.  Hoai  supplieil  per  hour  per  air  I.H.P.,  B.t.u 

-"o.  *  Actual  volume  of  /rev  air  delivered  per  hour,  cu.  ft 

J I .  Piston  displacement  of  L.P.  cylinder,  per  hour,  cu.  ft 

.:-\  Thixirotical  hoRie  ix)wer  required  to  deliver  the  actual  volume  of  fw 

air  compressixi  to  receiver  pressure,  adiabatic  compression 

-\^   Thivreiical  horse  power  required  to  deliver  the  actual  volume  of  fret 

air  oompressevi  to  receiver  pressure,  isothermal  compression 

24.   Slip,  cubic  feet  per  hour 

J 5.   Slip,  [XT  cent 

26.    Efliciendos: 

u.'^    Me<."hanical  efficiency,  Em 

{b^    Volumetric  etViciency,  true  or  actual,  E^t 

(i^    X'olumetric  etficiency,  appwrent.  Era 

(<;  ^    Kiiiciency  of  compression.  Eg 

:;.   Saving  ctlLVlod  by  ax^ling  jackets,  as  compared  with  adiabatic  ctfB- 

prossiou  ami  no  intercooling;  computed  from  combined  diagram: 

(c)   Saving  due  to  L.P.  jacket,  horse  power 

(^i    Saving  duo  to  H.P.  jacket,  horse  power 

(<)    Saving  duo  to  intcrcooler  jacket,  horse  power 

In  consiilL'ration  of  the  explanations  given  in  p^e^^ous  pan- 
graphs  of  this  chapter,  none  of  the  items  of  the  above  table  new 
an}-  extendcil  comment.  For  items  22  and  23,  see  Arts.  411  and 
412.  Items  24  and  25  are  explained  in  Art.  413.  For  the  com- 
putation oi  the  etTidencies.  see  Arts.  413  and  414. 

*  Froo  air  nu\in>  air  under  Xhv  conditions  of  barometer  pressure  and  air  tcmpO" 
tare  oxi^iiii;;  ai  the  intAke  to  the  compressor.  The  item  is  computed  from  the  (lit* 
ol>serve«l  on  the  moasiirint:  apparatus  used,  and  full  details  of  this  apparatus  and  ^ 
obserxalions  made  >hov:lil  Jh?  Ri\en  in  the  report.  It  has  already  been  stated  thit» 
no  actual  mca.<uronK"nt  is  mailo.  the  rjuantity  may  be  taken  equal  to  piston  dispto* 
nent  multiplied  hy  apparent  \olunK'tric  cdiciency. 
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.  The  Action  of  the  Centrifugal  Fan.  —  A  centrifugal  fan,  of 
ver  type,  takes  gas  having  a  pressure  of  pi  pounds  absolute, 
dty  of  Vi  feet  per  second,  and  a  temperature  of  /i°,  and  com- 
s  it  to  a  pressure  of  p^  pounds  absolute,  with  a  velocity  of 
per  second,  and  a  temperature  of  fe^.  In  practice  the  degree 
ipression  is  generally  so  small  that  there  is  no  sensible  devel- 
it  of  heat,  and  consequently  the  compression  may  be  con- 
i  isothermal.  The  work  done  by  the  fan  upon  the  gas  is 
ded  in  three  ways:  (a)  compressing  from  the  pressure  pi  to  the 
ire  ^;  (6)  forcing  the  weight  of  air  handled  against  the  pres- 
>i;  and  {c)  raising  the  kinetic  energy  of  the  gas  by  increasing 
dodty. 

5  work  of  compressing  the  gas  is,  under  ordinary  conditions, 
small.  Thus,  if  the  pressure  is  raised  to  12"  water  above 
phere,  the  percentage  of  pressure  increase,  assuming  atmos- 

:  pressure  at  14.7  lbs.,  is  only-^-^  =  .029  =  2.9  per  cent.    It 

14.7 

refore  usual  to  neglect  this  work  item,  that  is,  to  assume  that 

msity  of  the  gas  is  not  changed. 

Is  fttodificationy  or  assumption,  however,  makes  the  cottdiiion 

ration  for  the  fan  the  same  as  for  a  centrifugal  pump,  except  that 

'  gas  instead  of  water  is  t/te  fluid  pumped.    The  centrifugal 

►  theory  is  discussed  in  Chap.  XXV,  and  it  is  there  shown  that 

an  be  based  upon  that  for  the  radial  outward-flow  reaction 

le.    The  fundamental  theory  of  this  turbine  therefore  applies 

:ly  to  the  centrifugal  fan. 

is  shown  (Art.  471)  that  the  theoretical  lift  or  head  produced 

e  centrifugal  pump  may  be  expressed  by 

jj^u.{u,+u,cosa,)^^^^^  (36) 

g 

uch  «s  =  the  linear  velocity,  in  feet  per  second,  of  the  fan 

blade  at  the  tip  (exit) ; 
Wi  »  the  relative  velocity,  in  feet  per  second,  of  the  air 
leaving  the  fan  wheel  (=  the  volume  Q  of  air 
flowing,  in  cubic  feet  per  second,  di\ided  by  the 
peripheral  area  of  the  fan  wheel  in  square  feet, 
aiound  the  exit  circumference) ;  and 
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oj  =  the  angle  made  by  us  (dra\vTi  perpendicular  to  the 
radius    from   the    center   of    the    wheelj   and  «^ 
drawn  tangent  to  the  last  blade  element).   Sec 
Fig.  6ii,  p.  I054- 

It  is  also  shown  (p.  1075 >  ^hat  the  general  equation  for  gross 
htMii  /;  pumped  through  by  a  centrifugal  pump  (or  produced  by 
a  centrifugal  fan'  is 

//  =  S  A^  -  1  ±  /O  +  Ai+  ^''  ~  "'*'  I  feet,  (37) 

in  which  h^  =  static  head  above  atmosphere  measured  at  some  point 

in  the  discharge  pipe; 

/:,  =  static  head  above  atmosphere  measured  at  some 
jxnnt  in  the  suction  pipe  (A,  is  to  be  used  with 
the  minus  sign  when  the  pump  lifts  water,  irith 
the  plus  sign  when  the  water  is  supplied  under 
some  pressure"^ ; 

hi  =  vertical  height  between  the  points  of  measurement 
in  discharge  and  suction  pipe; 


—  1 


1 


-  -  =  vcl^.x'ity  head  in  the  discharge  pipe  at  point  whtfC 

//j  is  measured ;  and 
■» 

y-  ^  xckxity  head  in  the  suction  pipe  at  point  idutt 


-   s 


//,  is  measured, 
li  In  iKciiicss  to  ^a\'  that  for  the  fan  all  these  heads  are  expressed 

I  he  al»o\\'  c»;uaiion  applies,  as  it  stands,  to  the  case  of  a  fn 
draw  ini:  from  .1  clost\l  -pace  and  discharging  into  another  Imiitcd 
space.  That  is  not  th.c  usual  case.  Usually  the  fan  either  draw 
from  the  air  and  *lischari:os  into  a  limited  space,  or  it  draws  froo 
a  limited  space  and  dischanxcs  into  air. 

In  the  case  ^.^i  the  fan  drawing  from  the  atmosphere,  both  i 

d  r.  may  U-  considered  zero.     There  is,  of  course,  velocity  ii« 

Wet  of  the  fan.  but  where  velocity  exists.  A,  is  no  longer  «» 
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Away  from  the  fan,  however,  A,  and  v,  are  zero.    The  gross  head 
then  becomes 

A  =  fA^  +  Ai+--)feet.  (38) 

\  2g/ 

In  practice  hi  is  neglected,  so  that  finally 

A  =  (A<i  +  ^)feet.  (39) 


Va' 


Where  the  fan  discharges  into  air,  h^  and  -^  may  be  considered 

equal  to  zero,  and,  neglecting  Ai,  the  gross  head  in  that  case  becomes 
equal  to 

h  =  (h.  -  ^)  feet.  '      (40) 

421.  Work  done  by  a  Fan:  Air  Horse  Power.  —  It  has  already 
been  stated  that  work  done  by  a  fan  consists  of 

(a)   the  work  of  compressing  the  gas  from  suction  pressure  to 

discharge  pressure.     It  has  been  shown  that  this  is  a 

small  quantity  and  is  usually  neglected. 

(6)  the  work  of  forcing  the  gas  against  the  discharge  pressure. 

This  work^  is   equivalent   to   lifting   the  weight  of  gas 

handled  through  a  height  corresponding  to  the  difference 

of  static  head  on  the  two  sides  of  the  fan. 

if)  the  work  of  increasing  the  velocity  of  the  gas  flow  from  the 

velocity  on  the  suction  to  the  velocity  on  the  discharge 

side. 

Take  the  case  of  a  fan  drawing  from  the  atmosphere  and  dis- 

diazgiiig  through  a  main  against  a  resistance.    At  any  section  A 

of  the  discharge  main,  Fig.  582,  let  the  static  pressure  be  equal 

to  p4  (measured  above  atmosphere,  in  inches  of  water,  mercury, 

001100  per  square  inch,  or  other  units),  and  let  tlie  velocity  be  Vj 

feet  per  second.    Also  let  Q  be  the  volume  in  cubic  feet  of  gas 

ddivered  per  second,  and  h  be  the  density  of  the  gas  ( =  weight  per 

cubic  foot  at  the  pressure  and  temperature  in  the  discharge  main). 

Compute  the  equivalent  height  of  gas  column  //./  in  feet  corre- 

^MSkding  to  the  pressure  p4  (see  Art.  233).    Then,  since  the  weight 
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L  ^:i:r  luiialca  i<  o  =  'Jd  pounds  per  second,  and  since  this  wei^t 
:-  ":Li^^r•i  L:^:dn<i:  the  pressure  p^  =  equi\"aJent  to  the  height  h^f 
•he   vnrk  iune  under  heading   3   dbove  will  be 

IV,  =  oV/.i  =  'J6//^  tt.-Ibs.  per  sec.  (41) 

r.itr  j:t'ni.TLu  rV.rmuia  for  kinetic  energy  is 

A  £  =  .1/  -^i^^^  =  ^-  ^^^^^  =  G  ^^^^  ft.-lbs.    (41) 


^ 


2g 


p.  vhich  •;  is  :he  velocity  of  the  miiss  M  at  the  beginning,  and  ft 
'V-  '.•-:«:L:ry  .u  the  end.  In  this  case,  since  the  fan  is  drawing 
:V"iT!  '':\t^  iniospaere,  ;*i  =  :',  =  c.  and  r^  =  v^.  Hence  the  woik 
-•^ui'  iit.nr  :-;  the  kinetic  energy  under  heading  \c)  above  is 


r»  .i 


T  =  O'  -^  =  OS  ^  ft.-Ibs.  per  sec.  (43) 

The  'j.t.i;  -.vTlt  iunc  by  the  tan  upon  the  gas.  therefore,  is 

ir  =  tf.  -  ir .  =  Qs  (hu  -r  7^)  ft.-Ibs.  per  sec.    (44) 

The  last  favjior  ■.  f  die  rijxht-hand  member  of  this  equation  is  equal 
to  the  total  or  i:r(.^ss  head  by  Eq.  (^q).  The  foot-px>unds  of  woA 
done  in  a  given  time,  therefore,  is  equiMiIent  to  the  weight  in  pounds 
^  gas  handled  in  that  time,  multiplied  by  the  total  head  in  feet. 
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The  result  would  have  been  the  same  if  other  conditions  o 
operation  (discharge  into  atmosphere  or  drawing  from  a  closec 
space  and  discharging  against  a  resistance)  had  been  assimied,  anc 
the  general  work  formula  is  (neglecting  Ai,  as  is  usual) 

W  =  Q6  (a^  +  A.+  ^''^  "  ^'')  ft.-lbs.  per  sec.  (45! 

Returning  to  the  fan  of  Fig.  582,  a  simpler  way  of  obtaining  thi 
necessary  data  for  the  computation  of  work  done  would  have  beei 
to  determine  at  once  the  total  head  at  A  by  using  an  impact  tub< 
(Pitot  tube  without  the  static  opening).  The  reading  of  the  in 
stnmient  is  then  directly  equivalent  to  the  sum  of  static  and  dynami< 

heads  (  =  A^  +  -^  ]•    In  making  this  measurement,  traverses  of  thi 

main  must  be  made  to  obtain  the  average  reading. 

Another  method  of  determining  the  total  head  against  whicl 
the  fan  works  is  to  construct  a  large  box  or  receiver  just  beyonc 
the  outlet  of  the  fan  {CD  in  Fig.  582),  so  that  the  velocity  v^  acrosi 
this  box  is  negligible.  The  total  head  produced  by  the  fan  thei 
easts  as  static  head,  and  this  m.ay  be  found  by  simply  connectinj 
a  manometer  to  the  box.  It  is,  however,  not  particularly  easj 
to  get  a  box  large  enough  and  to  so  baffle  it  that  the  air  current 
in  it  do  not  manifest  themselves  sufficiently  to  aflfect  the  manometei 
reading,  and  for  that  reason  the  determination  of  total  head  bj 
impact  is  probably  just  as  reliable. 

Since  one  horse  power  is  equivalent  to  550  foot-pounds  of  worl 
per  second,  any  of  the  formulas  (41),  (43),  (44),  and  (45),  divided  bj 
550,  will  give  the  corresponding  horse  power.  Eq.  (44)  for  th( 
fan  of  Fig.  582,  and  Eq.  (45)  for  the  general  case,  will  give  the  tota 
horse  power  of  work  done  by  the  fan.  This  is  called  the  air  Jiorsi 
fower. 

42a.  Fan  Efficiencies.  —  (a)  Manometric  Efficiency  is  the  ratic 
of  the  gross  head  produced  by  a  fan  to  the  tlieoretical  head,  oj 

£man.  =   ^ '  (46] 

in  which  H  and  h  are  found  by  means  of  the  eqiuitions  given  ir 
Art,  420,  taking  care  to  use  for  A  the  expression  api)lying  to  the  case 
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(ft)  Mechanical  Efficiency,  or  simply  Efficiency  of  the  Fan,  k 
the  ratio  of  the  total  work  done  by  the  fan  in  moving  air  or  gv 
divided  by  the  horse  power  input  to  the  fan  (not  to  the  pdne 
mover).    This  eflSciency,  therefore,  equals 

J-,    _      Air  horse  power  * Wh  /  % 

Applied  horse  power      AHP  X  33,000 

in  which  W=  air  or  gas  handled  per  minute,  and  h  is  the  gross  lieid 
produced  in  feet. 

(c)  Volumetric  Efficiency  *  is  defined  as  the  ratio  between  tk 
actual  volume  of  air  or  gas  passing  the  fan  in  a  given  time  divided 
by  the  volume  of  the  fan  wheel  multiplied  by  the  number  of  tam 
the  wheel  has  made  in  the  same  time;  that  is, 

in  which  Q  =  volume  of  air  or  gas  handled^ 
V„  =  volume  of  wheel,  and 
n  =  revolutions  per  minute. 

This  ratio  seems  to  assume,  as  a  standard,  that  the  fan  shoaU 
discharge  a  volume  of  air  every  turn  equal  to  the  volimie  of  dc 
wheel.  Not  much  weight  is  attached  to  this  eflSdency  in  tot 
testing. 

423.  Arrangements  for  Testing  Fans.  —  For  a  capacity  and 
economy  test,  the  determinations  must  include  the  following: 

(A)  Power  input;  (jB)  power  output  (air  horse  power);  (C)  vdr 
ume  of  gas  delivered  (capacity) ;  (D)  readings  of  velocity  and  piei- 
sure  at  inlet  and  outlet;  (E)  speed  of  fan;  (F)  humidity  and 
temperature. 

(A)  Power  Input.  —  Any  type  of  prime  mover  may  be  used; 
those  usually  employed  are  steam  engines,  electric  motors,  hdt 
drives  from  main  shafting.  The  first  two  may  be  direct-  or  bdt- 
connected.  Where  belt-driven,  a  direct-connected  transmisflflft 
dynamometer  should  be  employed  for  very  accurate  work.  Wto 
"toect-connected  to  a  steam  engine  or  motor,  the  I.H.P.  of  the  engiae 

"^he  watts  input  to  the  motor   corrected  for  the  mechanical 

•ticy  of  the  machine  will  be  the  power  input  to  the  fan.    If  th 

ral  efficiency  of  the  prime  mover  is  not  known,  a  cuW- 

tm  is  practically  obsolete.    "  Relative  delivery  "  is  a  better  term  farllir 
^^Qsning  into  use. 


AIR-COMPRESSING  MACHINERY  9} 

between  mechanical  eflSciency  and  power  input  to  the  prime  mov< 
(I.H.P.  or  watts)  must  first  be  found  by  disconnecting  the  fan  an 
taking  oflF  pwwer  by  means  of  a  Prony  brake.  In  the  form  belo 
this  horse-pwwer  input  is  called  applied  horse  power  (A.H.P.). 

{B)  Power  Output.  —  This  is  the  air  horse  power  and  is  compute 
as  shown  in  Art.  421. 

{C)    Volume  of  Gas  Delivered.  —  This  is,  of  course,  equal  to  tl: 
product  of  cross  section  of  tube  or  main  through  which  the  gas 
moving  by  the  velocity  of  passage.    For  the  method  of  measurin 
the  latter,  see  next  paragraph.    Calorimetric  methods  (see  Art.  23^ 
may  also  be  used. 

(D)  Measurement  of  Velocity  and  Pressure,  —  The  instrument 
commonly  used  for  measuring  velocity  are  the  anemometer,  Pitc 
tube,  and  the  Venturi  meter.    Orifice  methods  are  also  used. 

For  the  theory,  characteristics,  and  method  of  use  of  any  of  thes 
instruments,  see  Chap.  XII. 

The  anemometer  determines  the  velocity  directly.  To  obtai 
an  average  reading,  divide  the  inlet  and  outlet  areas  into  partis 
areas  by  the  use  of  string  or  fine  wire.  Obtain  the  average  velocit 
at  the  center  of  each  partial  area.  If  the  latter  are  equal,  th 
average  velocity  is  the  arithmetical  mean  of  all  of  these  readings 
The  capacity  is  to  be  computed  from  the  velocity  and  cross  section 
of  the  outlet.  If  this  volume  is  smaller  than  that  computed  fo 
the  inlet,  the  difference  is  due  to  leakage  and  back  flow.  Th 
difficulty  of  calibrating  an  anemometer  with  ease  and  certainty  c 
results  makes  this  instrument  less  dependable  than  some  of  th 
others. 

The  Pitot  tube  is  commonly  used  in  the  discharge  main  only 
To  determine  average  velocity  head,  it  is  necessary  to  make  ver 
careful  traverses  of  the  main.  For  the  method  of  doing  this,  se 
Chap.  Xn.  The  ratio  of  the  center  velocity  to  the  average  velocit; 
for  the  oitire.  pipe  section  is  known  as  the  pipe  factor,  and  fo 
extended  investigations  with  the  same  apparatus  it  is  common  t( 
determine  the  pipe  factor  by  a  preliminary  investigation  and  t< 
act  the  tube  once  for  all  at  the  center  of  the  main. 

It  has  been  shown  that  the  Venturi  meter  is  a  satisfactory  in 
strumeat  for  measuring  flow  of  gas,  and  it  certainly  deserves  i 


^ 
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iBogp^  eaitmlif t  trai  fiar Ab-  agr^icg  t&aoi  fas  ly  to  tUs  writing  bcflt  ] 
gnroift.    See  Alt.  234. 

DISCDEl 


fUHlamr  haack  famt thr ogdet,  or m t6e oadet  itsdL  FortheOQil* 
drtifnia-  to  be  met  witiL  tbSe3ssbx  ta  pECffioxe  diSercDoc  and  A( 
precautions  to  be  QhaaetvciL  in.  cxider  to  dbtan  icfable  lesnltSi  lei 
Chap.  XIL 


Static  prrfffiore  i&  anmmmif  nBeasased  !qr  a  anipk  mnooMe^  : 

winch  inay  be  of  the  nmit^Iying:  type  (see  CfapL  V^if  diepicsBlfl  ! 
isvisysnalL    K:i&a£tiiegieftte^ni^<ictaBKetoscetfaithci^ 

end  of  tiie  pressure:  tube  £&  not  afiBected  b^  xwiodty  (bifiact),  iil  ] 

to  that  end  it  is  iKcessary  not  to  ha^re  tbe  cod  of  the  tube  piojeil  ] 

beyond  the  insde  sm&ce  of  the  wall  of  tibe  mam.    b  is  hulijf  j 
necesfiaiy  to  say  that  for  the  prnpuee  of  JetenHJumg  total  ha0t-'j 

(for  compxxting:  air  hoise  power)  the  statk  pcea>me  mnst  be  metth  :  j 

ured  at  tiie  sanu;  cross  section  of  the  mam.  as  the  veioci^  hedl  ^ 

In  case  the  air  horse  power  is  dJeteftiiiifffd  finmi  the  measoien^iil  /j 

of  static  pressure  in  a.  pnesuie  box:  (veEoccty  head  assumed  mijfr  \ 

gible)  it  is  well  to  measure  this  pressure  at  several  points  in  the  bo^  ; 
as  it  is  not  at  all  easy  to  obtaia  a  unSocxi  transibanatioii  of  vdod^ 

into  pressure  head,  espedaQy  neR  the  fan.     It  wiB  be  found  ^  j 

careful  baffling  is  required.  ^ij 

Total  pressure  head  may  be  detenxxmed  at  any  section  of  tlft  'j 

main  by  traversing  with  an  impact  tube^  that  is*  a  Pilot  tube  nfflh  i 

out  the  static  tube.    The  manomet^  readinig  wiH  then  be  the  SBOi  j 

of  the  static  plus  die  velocity  hsad  ( =^  total  head).  \ 

(E)   Fan  Speed,  —  This  may  be  determuied  by  any  of  the  focal  ■ 

of  counter  mentioned  in  Chap.  VIII,  the  choke  of  the  type  of  i^  ] 

strument  depending  of  course  primarfly  upon  the  speed.  i 

F)    Determination  of  Humidity,  —  See  Art.  410.    The  rfFcctol  i 

humidity  upon  the  work  formulas  developed  is  to  dtange  the  dflfr*  j 

aty  5  in  the  equations.     In  most  cases  this  is  not  of  sufficient  inipo^  \ 
tance  to  take  into  account. 

424*   Scope  of  Test  and  die  Report. — A  cooi{^ete  £an  invest^ 
should  indude  the  following: 
\  Detennination  of  the  pressure  produced  with  the  fan  ooM 
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(b)  A  seiies  of  runs  at  amstant  speed.  v2Lryixig  the  size  of  outlet 

opening  by  predetermined  amounts; 

(c)  Repeat  the  series  under  [b)  for  a  series  of  speeds  maintained 

constant  in  each  case  for  the  same  series  of  outlet  openings. 

The  observations  required  have  been  discussed  in  the  prexious 

paragraph.    The  following  forms  for  recording  the  obser\'ations 

and  the  results  of  computations  apply  directly  to  the  fan-testing 

set  used  at  Sibley  College.    This  consists  of  a  Sirocco  fan  driven 

by  belt  through  a  direct-current  motor.    The  fan  delivers  into  a 

receiver  or  pressure  box  in  which  the  velocity  is  theoretically  zero. 

The  total  head  (all  pressure  head)  is  here  determined  by  means  of 

a  manometer.    In  the  discharge  pipe  a  Pitot  tube  is  used  and 

finally  a  Venturi  meter  is  connected  beyond  the  Pitot  tube.    An 

anemometer  is  also  used.    This  determines  the  flow  of  air,  first,  by 

anemometer  at  inlet  and  outlet,  second,  by  static  pressure  head 

in  the  pressure  box,  third,  by  Pitot  tube,  and  fourth,  by  Venturi 

meter.     The  purpose  of  the  experiment  is  not  only  to  test  the  fan 

but  also  to  give  practice  in  several  methods  of  measuring  the  flow 

of  gas. 

The  complete  report  should  show  the  results  graphically  as  follows : 

F ' 
With  the  series  of  ratios  -^  (actual  outlet  opening  to  full  opening) 

as  abscissas,  draw  curves  with  the  following  ordinates: 

(a)   Efficiency  of  fan,  E^\ 

(6)  Air  horse  power; 

(c)  Volume  of  free  air  delivered  in  cubic  feet  per  minute.  This 
will  give  one  curve  sheet  for  each  speed  used. 

The  first  of  the  following  forms  shows  the  scheme  used  for  re- 
cording the  observations,  the  second  shows  the  principal  items  to 
be  computed  from  the  observations. 
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TEST  OF  FAN  AND  MEASUREMENT  OF  FLOW  OF  AIR. 

Resuut  Shsxt. 


Date. 


19X 


Ion:  A  -  hmd  in  kiebet  ct  water;  iT  -  head  in  inchea  of  other  fluids;  k  -  ¥K,  what  K  mthit 
dsMity  of  nanomerer  Uqukl  to  ^  ai  water;  H  »  kt  »  WKt  is  equivalent  bead  in  feet  of  air, 
I  r  it  the  number  of  feet  of  air  oohuna  giving  same  pressure  per  sq.  indi,  as  i  inch  <rf  water;  F« 
q.  ft;  F  ■■  vdodty  in  isit  per  sec;  Q  ■■  volume  m  cubic  feet  per  sec.;  W  •-  weight  in  pounds 


01  wncet,  ma... 

I  vraself  ins. 

OHo<blMle,aikI,ina.. 
BH  o<  blade,  ndU,  ioa.. 


V  sq.  ft,  ^ 

outlet,  ina.. .. .. 

aq.  ft<t  ^•-  *  • 
disitaagepipe,tas.. 
dStacbaiiB  p^  ft. 


For  anemometer  readings: 

Area  of  pipe  where  used,  inlet,  sq.  ft.,  ^t 

Area  of  pipe  where  used,  outlet,  sq.  ft.,  Ff 

For  Pitot  tube  readings: 

Area  of  pipe  where  used,  sq.  ft^  Ft. 

For  Venturi  tube: 

Area  upstream  section,  sq.  ft.,  F4. 

Area  throat  section,  sq.  ft.,  F*. 

Angle  (rf  convergence,  degrees. 

Angle  of  divergence,  degrees 

Weight  of  air  per  cubic  foot  under  actual  condi- 
tions, lbs.,  a 


Nunbar  of  Run. 


idoCfiui,ILPJI 

cky  of  bn  blade  tips,  ft  per  sec 

■m  head  Id  reotiver,  inches  water.  At 

ibt  of  eqolvaleiit  air  column,  ft, 

cky  head  of  dJschaiy,  Pitot  tube,  faiches  water,  A|. 

teqis  by  Pitot  tube,  cu.  ft  per  sec.,  Q% 

dtf  bead  of  dischaife,  Venturi  meter,  inches  water,  hk 

fagr  Ventsd  meter,  cu.  ft  per  sec,  (?• 

veiodtr  fagr  anemometer,  ft  per  sec.  Vm^ — 

fagr  aHnnwiMiter,  cu.  ft.  per  sec,  Qm^ 

fagr  anemoneter,  ft.  per  sec,  Vmx 

taby  aaamnnwlwr,  en.  ft  per  sec.  Gn 

Bi|e  dhchaiys,  en.  ft  per  aec,  Q 

ivalcBt  ARfauie,  nder  itaadard  conditions,  cu.  ft 

»Me..e 

■^^  J^^M"liftflMMi(      It^tt      fl^BV   ^Mtf*         Ur 


la  dbcbaipB  to  ■Htikia,  fay  aBamometer, 
)  nd  laakafai  by  umomBtcr,  per  cent. 


(?i 
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42s*  Theocy  cf  Medumical  Hdiigcuuion,  —  Tbs:  grj.r.*rrt^-  j; 

iMuJiTirzjfL    As  a  matter  ot  iact.  a  retrigeratTng  z-Lani  '::£ir  1 


liqiiid  Ttin$^^i^\  bears  a  much  doser  anstkfgy  to  ihe  5tca=:  *!•  txr. 
The  fx/ilir^  tJ^rniperature  of  a  fiqind  depends  iqicn  ibe  rrie^.:* 
upofi  th^  \yr^fi.     The  temperature  of  the  liquid  cannot  le  riiic-: 


B 


Fic.  553. 

beyond  this  ^x^int  as  long  as  any  liquid  remains,  except  by  raisin 

the  pre.--art.     Likewise,  a  reduction  of  the  pressure  upon  a  boilin; 

liquid  mt:ari>  a  ioAcring  of  the  boiling  point,  the  difference  in  lb 

heaii  hi  UiK  Vv{'xi(\  F^tween  the  two  boiling  points  serving  to  vapor 

Lie  a  pari  of  the  liquid.     Suppose  that  a  liquid,  with  a  boilinj 

temix:ratare  at  atmospheric  pressure  considerably  below  average 

KMjm  t'rrnfxirature,  be  confmed  in  the  vessel  .4,  Fig.  583.     Suppos< 

nt'xy  that  the  liquid  is  kept  at  room  temperature,  so  that  the  \'apoi 

pressure  exerted  by  it  will  be  higher  than  atmo^heric.     If  thi: 

liquid  is  dra\^Ti  off  through  pipe  P  and  allowed  to  expand  to  atmos- 

^1 


MECHANICAL  REFRIGERATION 


993 


pheric  pressure  through  a  suitable  valve  jB,  its  temperature  will 
drop,  owing  to  partial  or  complete  vaporization,  and  if  allowed  to 
circulate  through  coil  C,  the  space  in  which  coil  C  is  placed  will 
be  cooled.  This  will  supply  a  further  stock  of  heat  for  vaporizing 
the  remainder  of  the  liquid.  Theoretically,  therefore,  w^e  need 
nothing  more  than  a  constant  supply  of  a  proper  liquid  (refriger- 
ant), imder  a  pressure  higher  than  atmospheric,  to  produce  a  cooling 
effect. 

There  are  two  practical  objections  to  this  simple  type  of  plant: 
first,  the  refrigerant  used  may,  in  the  case  of  ammonia  and'  sulphur 
dioxide,  after  vaporization  be  dangerous  to  health;  and,  second,  the 


Fig.  584.  —  Diagram  of  Simple  Vapor  Compression 
Refrigerating  Machine. 

process  is  imeconomical.  There  are  then  two  things  to  be  done:  the 
vaporized  refrigerant  must  be  prevented  from  escaping,  and  it 
must  be  brought  back  to  its  initial  condition  and  returned  to  the 
vessel  A.  One  method  of  doing  this  is  shown  in  Fig.  584.  The 
vapor  is  drawn  into  the  compressor  E,  where  its  pressure  is  raised. 
It  is  then  discharged  into  the  condenser  G,  in  which  it  is  liquefied  at 
constant  pressure.  From  here  it  is  then  returned  to  the  receiver  A 
and  used  over  again. 


y^  EXPEKDCETIT.U.  ESGSSEEXCSia 


may  cnnsLst  ot  i  ooraprcsarir  £.  pumping  the  -npi'^r  :»ir  -ii  '.ic  .1- 
prfL'.iure  lide  BCD  of  the  rnffraJIannii,  j.  -xiuiKiacr  G  31 


high-prwsur^  vapor  is  licue&d.  bemg  Jtorec  ii  r^sicTT^r  A.  TLi 
part  of  the  iy^tem  hiciiuimg  £.  C  fl'.  A.  P.  and  3  5s  jcii:w:i  i:r  t::c 
ki^k^pr^ji.iure  ziiU  of  the  mftraHarioo. 

If  a  x3L^tfAi&  instead  of  a  liquid  refrigezant  s  jsrfL  the  r^-ir  z 
operatioiLs  is  iimiiar.  but  there  are  two  rf>a-nyc  Li  the  zn^  zuxy. 
the  cfmdeinstT  G  mertly  coob  the  gas  but  does  ace  craii^dsc  2  -. 
the  liquid  itate.  In  the  second,  if  the  hfafi-pressgrg  p^  xrf^ 
smply  allowed  to  expand  through  an  onfioarj  expaii:9iiii  ii<j.  -i 
nozzle  jB.  the  cooling  enect  would  be  JnappredahiV.  '^^tr-j-,^  zi. 
work  is  done.  For  that  reaaoa  this  part  oi  the  syscent  s  ttj^'^i 
by  an  expansion  cylinder  m.  wfasch.  the  higfi-pressurc  gas 
behind  a  piston,  doing  work.  Ths  work  may.  oi  course  bi 
help  operate  the  compressor. 

426.  RcfrigetaUiiig  Agpirtafc — A  good  ictr^genumg  Tngixn 
should  ha^-e  low  boiling  pomt  at  onSoazy  {xcsboecs.  a.ry  laiei: 
heat  of  vaporization,  and  snaH  qiecinc  vubune.  Tbe  irst  k  ik- 
arable  because  it  makes  operadou  possible  wicboar  tiie  use  d 
vftr^'  hirh  Drefsures  in  anv  part  of  the  svstem,  thus  aUcwiiiir  •J:^ 
ji^  of  irhtfrr  .TLai-iunes.  with  smaller  los  by  leakage,  f^t^  Tie 
latent  ht:at  vf  -  arx^rization  is  in  a  sense  a  direct  measvi:^  of  :±e 
coolir^g  rGc:t:t:  tiit:  ZTrrater  the  heat  of  vaporizatioiL.  the  better  ±<ir 
ag^rnt.  L:  tiiU  r^r^^pect  water  is  best,  but  on  account  of  hs  ver/ 
high  iuttcint:  v,t.;ine  it  is  not  used.  The  specinc  volume  of  the 
aj^r.t  :.^ntr  ;Li  tr.»r  :yLb.d»rr  volume  of  the  compresstir  per  -jnit  of 
refri^reririi.r..  —  iz.  '-titer  words,  'juintrols  the  aize  «x  the  inachine. 

Th*:  ij'rr.t.s  thiLt  have  been  used  or  proposed  are:  water,  air.  am- 
rr.onia.  .VH-  .  .irhorjc  a^dd  Oh  .  sulphurous  acid  '50^  .  sulphuric 
rithrr  rtf.y:  i.-io  rtethvi  chloride.  Pictet  duid.  etc  Of  thesg,  only 
air  XH;  C-'*^  iz-:  -^^'u  ^re  oi  any  commercial  importance.  Pictet 
^•■lic  b  1  : vrtbLtJ-titin.  of  ^"m  and  CCu.  It  is  addom  used.  The 
t^hie.  p.  '/'.'.  r'v-rs  the  ir.ani  .^aracterisdcs  of  XHg,  COt-  and  SCV 

\'in«ji^  auth'/rities  give  ngures  that  are  somewfaat  at  variuipe 
with  the  dgures  of  the  table,  particularly  with  refrrcncr  to  spetfik 

'~e^ts 
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NHj 
CQi. 
SQi. 


PR».ill 

LlM.per 

Sq.Iii.ftt 

©•F. 

Vol.  in  Co. 

Ft.  per  Lb. 

ato'F. 

Latent 

Heat. 

f. 

Specific 

Heat  of  the 

Liquid. 

Specific 

Heat  of  the 

Vapor. 

1 

Boiling 

Point  T. 

at  Atmos. 

Press. 

30.0 

3»0.0 

10.3 

9.00 

.294 
7.20 

556.0 
117. 8 
170.6 

I-05* 
■54 
■32 

•53 

■217 

■155 

-28.5 
—  140.0 
+  15.0  1 

1 

Relative 
Vol.  of 
Compresao 
for  Equal 
Refrigera- 
tion Effect 


23  3 

3.2 

61.7 


•Wood. 

in  VoL  X  Ttana.  A.  S. 

M 

.  E..  gives 

forNHs 

I--40- 

c. 

« 

I.OQX 

-  +  8.X 

= 

1.086 

-  +46.58 

- 

1.056 

—  +100.0 

- 

0.976 

In  CGmpaiing  these  three  agents,  two  sides  of  the  questioi 
should  be  taken  mto  consideration.  From  the  practical  standpoint 
assinning  that  the  limits  of  operation  are  not  below  —  5°  F.,  no 
higher  than  85°,  it  will  be  foimd  (see  tables  in  the  Appendix)  tha 
the  absolute  operating  pressures  are:  for  NH3,  from  27  to  175  lbs. 
for  CQi,  from  290  to  1000;  and  for  SO2,  from  9  to  65  lbs.  Thes 
pressures  are  ordinary  for  both  NH3  and  SO2,  but  high  for  COj 
The  lower  pressure  for  SQz  is  below  the  atmosphere  and  any  inleak 
age  of  air  may  cause  serious  corrosion  of  metal  by  the  formatio] 
of  sulphuric  add.  The  pressures  for  CO2  are  so  high  as  to  cans 
trouble  in  keeping  tight  joints,  although  any  leakage  does  n< 
hann  except  for  the  loss  of  refrigerating  agent.  The  high  pressure 
necessary  and  the  small  specific  volume  make  a  very  compac 
machine  (see  the  last  column  in  the  above  table),  and  this,  com 
famed  with  the  fact  that  any  leakage  causes  no  discomfort  what 
ever,  makes  CQi  a  favorite  agent  for  use  on  shipboard.  As  be  twee] 
NH»  and  SQi,  the  much  greater  latent  heat  of  vaporization  gener 
ally  decides  in  favor  of  NH3,  in  spite  of  the  lower  operating  pres 
sures  for  SQi.  Ammonia  has  the  practical  disadvantage  that  i 
oonodes  brass^  or  any  other  copper  alloy,  very  readily,  and  onl; 
iron  can  be  used  in  the  construction  of  those  parts  of  the  machin 
witb  which  the  agent  comes  in  contact. 

From  the  standpoint  of  thermal  efficiency,  there  are  again  cer 
tain  differences  between  the  three  agents.  If  the  Camot  cycl 
is  CQDsidexed  the  standard  of  efficiency  for  the  refrigerating  proc 


r/- 
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ess,  the  liquid  used  would  be  a  matter  of  indifference,  because 
the  efficiency  of  this  cycle  depends  only  upon  the  temperature 
limits.  The  real  cycle  is,  howe>'er,  different  from  the  Camot, 
and  there  is  a  certain  loss  connected  with  this  modification. 
It  can  be  shown*  that  the  loss  is  least  for  XHs  and  greatest 
for  CQ2,  and  this  is,  of  course,  another  factor  operating  in  favor 
of  NH,. 

Tables  7,  8,  and  9,  in  the  Appendix  give  the  thermal  proper- 
ties for  NH3,  SQi,  and  CQi  respectix-ely.  They  are  similar  to  the 
steam  table,  and  the  columns  need  no  further  explanation.  The 
NHj  table  is  usually  given  on  the  basis  of  temperature,  but  has 
in  this  case  been  recomputed  to  the  pressure  basis,  following  steam- 
table  practice.  The  SO2  and  CQi  tables  have  been  left  in  the  com- 
mon forms,  as  these  two  agents  are  little  used  in  this  countr>\ 

Fig.  585  gives  the  entropy  diagram  for  NHs,  the  meaning  of 
which  should  be  clear  from  its  analogy  to  the  steam  entropy 
diagram,  Chap.  XI. 

The  only  gaseous  refrigerant  that  has  been  used  is  air.  Its  low 
heat  capacity  and  the  fact  that  there  is  no  change  of  state  during 
the  process  require  a  much  larger  plant  than  does  a  liquid  refrig- 
erant for  the  same  capacity,  increasing  the  cost  of  operation. 
This  is  offset  by  the  fact  that  air  is  cheap  and  has  no  dangerous  or 
offensive  properties.  It  has  been  used  on  shipboard  on  the  latter 
accoimt. 

427.  Classification  of  Refrigerating  Machines.  —  The  following 
scheme  shows  at  a  glance  the  various  classes  of  refrigerating 
machines  now  in  use. 


I.  Machines  using  air. 


1.  Machines  in  which  the  air  is  used  over  and  ox-er 
again  without  coming  actually  in  contact  with 
substance  to  be  cooled,  called  the  closed-cycle 
machine. 

2.  Those  in  which  the  cold  air  is  drculated  through 
the  rooms  to  be  cooled,  called  the  oi^n-c>*cle 
machine. 

f  I.   Machines  which  use  heat   directly  to  produce 
n.  Machines  using  an  agent  I  cold.    Absorption  machines  and  vacuum  ma- 

that  is  alternately  con-  <  chines. 


densed  and  vaporized. 


2.  Those  which  produce  cold  by  the  expenditure  of 
mechanical  energ>'.     Compression  machines. 


♦  See  Ewing,  The  Mechanical  Production  of  Cold,  p.  66. 


o^B 
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opcxiie  ir  vtr\-  fgrnpif..  Id  Fig.  5S6,  if  air  £i  6d"  F.  en^  i^tskiscex 
pre^suTt  ir  Zkkeii  into  the  campBresaor  A  and  uMi^Juettcsd  3^"Tfg>c-i~:J>> 
ic  ic  life  Tier  sqiiait:  inci.  tiie  tfanpeialiUT  •»3!  »  tsjsh^  'z  }jz'  t 
Tiiir  air  ir-  "dicL  tiansierTed  to  lie  whia-^xtditsd  rgmdnHtr  J  rrfLic: 
i(  ui'  F.  and  ir  ihext  aUoved  to  do  wock  in  ibt  azttJi^'JL  ri'jzr 
as:  B  e^ianding  to  aUBtaspbenc  jMnssart^    In  Bokog  laroigrr  us 
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>  :  ■.nrrr.TLec  if  tat  samt  shafi  as  liit  zanrpr^six 

r-.    IS-  w-TTi:  o:  troxm^an  if-  utilized  ic  bei:'  rozi- 

"Tr::    Or.:  •  3:511  r    produziiC  by  triniqii  and  ieaki^rt 

.:    :•-    siint  =*i-.irrri  a:  imwer  Z>.     If  tiie  iir.  £i:er 
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^.<    ;Tr«».:>>.i''iT   n.  -F  need  nm  be  down   to  itrm.t*- 

■^  ^^-^  .iF  Tn*ijiim&  —  iiK  dosfid-r\'cie  machiiK. 

urc  iv-  wi'jTi.    tnrm-  iht  suxnian  sxQip}y  iar  cxhd- 

:m     .%rf:-r-rr    maznint    ibe  cnid  air  is  iarced 

T.v'in>'  li   1^  r/^otec  and  i^  rnrnriiTMn^y  di^ilaoed 


MECHA!C1CAL  KZFR] OPERATION  cv.. 

by  a  new  supply.    The  ianer  i^tx   <-:  mAchiViy.   <  :c^i:.[^    rr.crc 
used  than  the  dosed-cyde  madiim 

Cold-air  Tnarhines  have  ihe  am-asiiCr  o:  irrei:  5iTni>ik"i:v  ariv:. 
neglecting  emdcnc^'.  are  satisiacTor.  -Vr  smal.  cariacines  For 
large  caj>adties.  the  capii^  co?-:  v":  i^-.  in>:*\Liriv^r.  m.ikc^  :hi 
operation  no  longer  proniabie  in  compeiidor.  wiL*:  other  in.u-hinos 
The  difficulrv*  of  moisture  ireezin::  in  ihi-  ejciviiisior.  cAlindir  an^; 
choking  up  ports  and  valves  car  he  overconrir  b}-  :hv  ir.Terr»>.i:ior. 
of  a  drier  between  the  cooler  and  ihr  exrvansior  c^iinder  >.  th^: 
smooth  operation  i>  possiUr.  The  emdency  cf  operation  is  low  3> 
compared  with  other  madiines. 

439.  The  AbsoqitiaQ  System.  —  Thi^  will  he  descri'rvd  with 
ammonia  as  the  reirigeratinr  acen:.  An  a't»>omtioT:  r»lan:  consist? 
of  the  following  essentia]  pans:  the  generator  ihr  condenser,  the 
rehrigeiator.  the  aiKorber.  the  interciianger.  exchanger,  or  econo- 
mizer, the  rectiner,  and  tiie  anaj\-zer.  Tht  interrelation  of  all 
these  parts  is  shown  in  the  conventional  sketch.  Fig,  5S7.  Tht 
operation  of  the  plant  depends  upon  the  fac:  tha:  water  will  ab><^>rb 
NHs  gas.  the  quantit}-  depending  ut>on  pressure  and  temptTature 
conditions.  Table  ic.  Appendix,  give^  some  hgures  for  tht  ab- 
sorbing jxjwer  of  water  for  XHj..  fron.  which  i:  wii!  be  seen  that 
at  any  one  temperatin-e  the  absorbinr  pniiwer  increases  ^iih  thi 
pressing,  while  at  any  one  pressurr  ihtr  abs*.)rbing  jH'Wcr  decreases 
as  the  temperature  increases.  Tht  latter  fac:  i>  made  ust  of  in 
the  absorption  machine  to  obtain  XH;  vapi>r  under  pressure,  and 
the  reverse  of  this  action  is  used  to  make  the  varnc  combine  auain 
with  water  after  it  has  done  il^  work. 

To  explain  the  operation  from  the  sketch  of  Fig.  5S7.  the  genera- 
tor contains  a  quantity  of  water  holding  a  large  qiiantii}  oi  XHs 
gas  in  solution  (strong  liquor  .  The  temp>eraiure  oi  this  liquor  i> 
raised  by  admitting  steam  to  the  heating  coils  ^ho^\^l.  the  conden- 
sate being  removed  by  trap  or  other  means.  The  heating  starts 
to  drive  the  XH3  gas  out  of  the  liquor,  but.  since  the  system  is  a 
dosed  one,  the  \-apor  pressure  above  the  liquor  will  als<^  be  raisotl 
until  equilibrium  is  established,  depending  upi^n  temjx^rature.  pn^ 
sure,  and  initial  strength  of  liquor.  The  XHs  gas  liberated,  which 
carries  with  it  a  certain  small  quantity  of  water  vai>or,  rises  and 
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passed  through  a  control  or  expansion  valve  into  the  cooler.  A 
brine  cooler  is  here  indicated.  The  liquid  NH3  partially  gasifies 
on  passing  the  valve,  the  rest  of  the  gasification  being  finished  in 
the  brine  cooler.  The  NHj  gas  lea\ing  the  cooler  then  passes 
into  the  absorber,  in  which  it  meets  and  is  mixed  with  cold,  weak 
liquor,  by  which  it  is  absorbed.  This  produces  strong  liquor,  which 
is  forced  by  the  pump  through  the  exchanger  into  the  analyzer, 
and  so  into  the  generator-    This  closes  the  c>xle. 

In  the  generator,  weak  liquor  works  toward  the  bottom  on 
account  of  its  greater  specific  gravity.  It  is  passed  through  coils 
in  the  exchanger,  in  which  it  is  cooled  by  contact  with  the  cold, 
strong  liquor  on  its  way  to  the  analyzer.  This  again  is  a  desirable 
heat  interchange,  because  the  strong  liquor  must  be  heated  in  the 
generator  and  the  weak  liquor,  which  is  hot  coming  from  the 
generator,  must  be  cooled  before  entering  the  absorber.  Th^  ex- 
changer, like  the  analyzer,  is  therefore  simply  an  economizer.  The 
cooling  of  the  weak  liquor  is  generally  completed  in  a  separate 
cooler  between  the  exchanger  and  absorber. 

It  must  have  been  noticed  that  all  possible  precautions  have 
been  taken  in  this  system  to  economize  heat.  The  same  may  be 
said  with  regard  to  the  consumption  of  cooling  water.  This  does 
service  first  in  the  condenser  and  then  cools  in  order  the  absorber, 
the  weak-liquor  cooler,  and  the  rectifier. 

That  part  of  the  plant  including  the  generator,  the  analyzer, 
the  rectifier,  the  condenser,  the  receiver,  and  the  piping  from  one 
side  of  the  liquor  pump  to  the  generator  and  from  the  receiver 
to  the  control  valve,  is  the  high-pressure  side  of  the  plant.  The 
kyw-pressure  side  includes  the  brine  cooler,  from  the  expansion  or 
ocmtrol  valve,  the  absorber,  and  the  piping  up  to  the  pump. 

Fig.  588  gives  a  better  idea  of  the  actual  relative  size  and  con- 
struction of  the  various  parts  of  an  absorption  plant.  In  this 
installation  the  rectifier  is  combined  with  the.  condenser,  being 
kcated  above  it. 

430.  The  Vacuum  Process.  —  This  process  employs  water  as  the 
refrigerating  agent.  It  is  one  type  of  absorption  process.  The 
principle  of  operation  is  quite  simple. 

In  Fig.  589,  let  the  water  to  be  cooled  or  frozen  be  placed  in  the 
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vessel  Bf  and  let  this  vessel  be  connected  to  a  vacuum  pump  A 
by  means  of  which  the  pressure  above  the  water  is  lowered  tc 
below  the  vapor  pressure.  The  water  then  begins  to  boil,  taking 
its  heat  of  vaporization  from  the  water  itself  and  lowering  the  tem- 
perature. The  water  vapor  fills  the  space  E  over  the  water  anc 
the  space  Z>  in  an  absorber,  which  is  filled  with  strong  sulphuric 
add.  Arrangements  are  made  to  promote  thorough  mixing  be- 
tween the  vapor  and  the  acid  to  cause  rapid  absorption.  The 
pump  A  handles  practically  no  vapor  and  serves  merely  to  main- 
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Fio.  589.  —  Principle  of  Vacuum  Process. 

tain  a  high  vacuum.  The  cold  water  is  either  circulated  through 
zooms  to  be  cooled,  or  the  operation  may  be  carried  on  until  the 
water  freezes.  The  ice  made  is  rather  "  mushy ''  and  must  be 
compressed. 

The  rest  of  a  commercial  vacuum  plant  consists  of  arrangements 
for  continuous  concentration  of  the  acid,  which  of  course  is  con- 
stantly diluted  in  the  absorber  during  the  operation  of  the  plant. 

The  eflfidency  of  the  vacuum  process  is  probably  as  high  as  that 
of  any  of  the  other  methods  discussed,  but  in  practice  it  is  fount 
tJiat  the  stxon^y  corrosive  action  of  the  acid  fumes  makes  it  hard 
to  keep  the  system  tight,  which  is  of  course  a  necessity  on  account 
pf  the  high  vacuum  that  must  be  maintained  for  best  efficiency. 
-  43Z.  Tha  Vivor-compression  System.  —  The  principle  of  opera- 
tion of  this  system  has  already  been  outlined  in  Art.  425  and  Fig. 
584*    Except  for  the  difference  introduced  in  operating  pressures. 
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temperatures,  compressor  sizes,  etc.,  pointed  out  in  Art.  436,  \'3por- 
compression  machines  are  ver>-  similar  wlicther  they  employ  Cft, 
S<.)^.  or  NH4,  Since  the  first  two  agents  are  not  used  in  this  countiy 
:<>  any  e.xtent.  the  discussion  will  be  confined  to  the  anmuniia 
:^\n.hine. 

.\  common  arrangement  of  compression  plant  is  shown  in  Fig, 
5^-c  •    The  compressor  used  is  of  the  double-acting  steairi-drii-en 
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hi'ri'iTir;!!  tyjH'.  '['ho  main  discharge  Unc  from  the  compressor, 
i.ir-yiiiL;  liir  h.>i  high- pressure  gas.  is  connected  to  a  so-atDd 
I>ri"i-.'.iro  lank,  oniiring  at  the  side.  This  gives  the  gas  a  rotaiy 
mi>;i.'n  \v!uth  >in-t.s  to  remove  by  centrifugal  force  any  oil  coming 
fVir  from  ;iii-  iompros.-ii.ir.  Some  t}^*  of  oil  separator  is  a  neas- 
siiy  M  jiri\i'm  tho  coattn;:  by  oil  of  the  condenser  coils,  whicfc 
would  s<rioj-.|y  docreaso  the  emcionc)'  of  heat  transfer.  Thegis 
then  p.is-k^>>  thnnigh  the  hot-gas  line,  which  makes  a  loop,  and 
enters  a  he.idor  connected  with  the  bottom  coils  of  the  condenser. 
The  puriiojo  of  the  loop  is  to  prevent  liquid  XH»  from  nmnini 
down  into  the  pre.^sure  tank  if  the  compressor  should  be  shnt 

•  Reproduced  irom  an  article  b}-  F.  E.  Matthevs  b  Paxtt,  Sept.  jg.  1910, 
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down.  The  type  of  candenser  liere  used  is  the  atmospheric,  the 
]iot  gas  pegging  from  the  lx)ttam  coils  toward  the  top.  while  water 
is  trickled  down  from  alKn'^e  over  the  outside  of  the  coik.  As  the 
NHs  gas  fiquefies.  it  is  carried  out  of  tlie  coils  by  smaller  drip  piptes 
connected  to  a  cammon  liquid  header.  The  p^)e  from  this  header 
should  rise  in  a  small  loop,  to  keep  the  header  alwa^'s  full  of  liquid 
and  to  prevent  gas  from  fintfiring  the  fiquid  line.  The  liquid  line 
leads  down  to  the  Bqind  tank.  If  gas  should  come  down  this 
line,  it  maybe  led  back  to  the  condenser  by  means  of  the  equalizer 
line  shown.  From  the  liquid  tank  or  receiver  the  liquid  ZSTHi 
next  flows  to  tLe  eipansion  \^^'e.  This  in  most  cases  is  nothing 
bat  a  valve,  the  opening  of  which  can  be  readD}'  controlled  to  any 
desired  ri2se.  The  pressure  on  the  liquid,  in  passing  this  val\'e,  is 
suddenly  reduced  from  150-300  lbs.  to  say  20  lbs.  per  square  inch. 
This  of  course  causes  innnediatd^*  a  partial  vaporization,  but,  since 
it  takes  time  to  siqyply  to  each  pound  of  liquid  XH3  the  total  latent 
lieat  of  vaporization  required  (about  550  B.Lu.  in  the  ordinary" 
case),  the  vaporization  is  b^-  no  means  instantaneously  completed, 
as  k  often  siqiposed.  The  vaporization  is  completed  in  the  expan- 
sion coilSy  the  heat  in  this  case  coming  from  a  room  to  be  cooled. 
The  vapor  is  returned  through  a  return  valve  and  through  the 
BOCtian  line  to  the  compressor,  piassing  on  its  way  a  scale  trap  in- 
tended to  prevent  any  scale  forming  in  the  pipe  system  from  being 
cairied  over  into  the  compressor.  Between  the  liquid  receiver 
and  the  expansion  valve  there  is  usually  placed  a  side  branch 
•applied  with  a  valve.  This  serves  as  a  charging  connection,  the 
ftfrnirMM^a  drum  containing  liquid  NHi  being  connected  at  this 
point  and  as  much  ammonia  being  allowed  to  flow  into  the  line  as 
the  system  requires^  as  shown  by  control  gauges  on  the  gauge 
board.  There  is  a  small  pipe  line  running  from  the  liquid  receiver 
I0  tbp  suction  side  of  the  compressor  (in  the  figure  called  ''Expan- 
Line  to  the  Compressor")-  This  line  is  furnished  with  an 
valve  through  which  cold  gas  may  be  supplied  to  j^rc- 
vent  undue  heating  of  compressor  on  starting  or  when  tlio  rotiini 
gBS  IS  not  cold  enough  for  siatisfactorj^  operation.  The  compressor 
is  also  often  furnished  with  by-passes  and  pump-out  lines,  by  nu\nis 
flf  wUdh  the  compressor  may  reverse  its  operation,  taking  NII3 
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from  the  condenser  and  forcing  it  into  the  expansion  coils,  lot  the 
purpose  of  pumping  out  parts  of  the  system  when  repairs  becone 
necessarj'. 

Commercial  plants  show  numerous  modifications  in  consttic- 
tioa.  but  not  in  prindpte,  from  the  features  above  described. 

Compressors  are  built  single-  or  double-acting,  horisotUd  and  mf- 
tical.     A  fa%'orite  combination  b  a  pair  of  single^cting  reitiiil 
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t()m])ressor  cylinders  operated  by  a  horizontal  Corliss  engine  con- 
nected to  the  same  shaft,  as  in  Fig.  591.  The  tendency  to-dayil 
tfiward  single-acting  compressors  with  the  suction  valve  located 
in  the  piston  and  with  poppet-lift  discharge  valves  in  the  ioA. 
Some  builders  construct  the  head  so  that  it  may  be  bodily  HRrf 
by  the  piston  against  the  resistance  of  springs  (see  F^g.  591)-  !■ 
single-acting  compressors,  the  suction  end  of  the  cylinder  is  ahi»y» 
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under  suction  pressure  only.  The  stuiung  box,  through  which  the 
jnston  rod  passes,  is  therefore  called  upon  to  hold  tight  only  against 
this  pressure,  and  leakage  at  this  point  is  materially  reduced. 
One  of  the  most  important  features  of  compressor-cylinder  design 
is  the  attainment  of  the  smallest  possible  clearance,  to  decrease 
the  amount  of  gas  remaining  at  the  end  of  the  stroke.  If  this 
matter  is  not  taken  care  of,  there  will  be  a  large  amount  of  re- 
expansion  with  consequent  loss 
of  compressor  capacity  (low 
volumetric  efficiency). 

Condensers  may  be  of  three 
types:  the  submerged  coil,  the  at- 
mospheric, and  the  double  or 
concentric.  In  the  first  the  or- 
dinary coil  is  placed  In  a  tank 
of  water,  the  water  being  con- 
tinuously circulated.  Where 
water  is  expensive,  the  atmos- 
pheric type  or  the  concentric 
type  is  used.  The  former  of 
these  is  shown  in  Fig.  590.  In 
this  condenser  the  use  of  the 
counter-current  principle,  in  con- 
nection with  the  fact  that  a 
considerable  part  of  the  finely 
divided  water  is  evaporated  (the 
heat  for  the  latter  process  com- 
ing from  the  NH3),  makes  this 
type  more  efficient  than  the  sub- 
merged coil  type.  The  niost  efficient  type  is  probably  the  double 
or  concentric  condenser.  In  this  condenser  each  pipe  element  con- 
sists of  an  outer  and  an  inner  tube.  The  cooling  water  is  circulated 
through  the  inner  tube,  while  the  NHg  fills  the  annular  space. 
Thus  cooling  is  done  both  by  water  on  the  inner  surface  and  by 
air  surrounding  the  outer  pipe. 

The  cooling  system  may  be  the  direct  or  the  indirect  or  brine  system. 
The  former  is  shown  in  Fig.  590,  the  cold  gas  being  circulated 
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through  pipes  in  the  room  to  be  used.  If,  however,  an  amimm 
leak  would  do  damage  in  the  cold-storage  room,  the  indirect  system 
is  used,  in  which  some  other  liquid,  usually  brine  on  account  of  ib 
low  freezing  point,  is  cooled  by  the  ammonia  and  circulated  for 
cooling  purposes  instead  of  the  ammonia.  One  type  of  brine 
cooler  is  the  submerged  coil  cooler,  where  the  ammonia-expansioB 
coils  are  immersed  in  a  brine  tank,  the  cold  brine  being  punned 
from  the  bottom,  circulated,  and  retiimed  warm  at  the  top.  The  . 
concentric  pipe  cooler  is  rather  more  convenient,  however,  and 
is  very  largely  used.  The  brine  flows  in  the  inside  pipe,  while  the 
expanding  ammonia  is  in  the  outer  one.  The  principle  of  counter- 
current  flow  is  used  in  the  concentric  pipe  to  get  the  maximimi 
possible  heat  exchange. 

432.  Ice  Making.  —  There  are  three  systems  of  ice  making  ia 
use:  the  can,  the  plaUy  and  the  cell  system.  Only  the  fiist  tWS 
however,  are  of  any  importance  in  this  country.  In  the  can  system, 
tapered  gahimized-iron  cans  of  the  size  of  ice  cake  desired  aie 
tilled  with  water  and  placed  ia  a  brine  tank  through  which  pam 
tlie  pipes  circulating  the  cold  brine  from  the  cooler.  The  tem- 
[^erature  of  the  brine  ia  the  tank  is  usually  kept  at  about  14*  F. 
The  time  required  for  freezing  depends  of  course  upon  the  sixe  of 
the  cake,  a  can  8"  X  8"  X  31"  requiring  about  20  hours'  immcr* 
sion,  forming  50  lbs.  of  ice,  while  one  11"  X  22"  X  44"  reqirins 
about  tx5  hours,  the  ice  weighing  about  400  lbs.  After  the  water 
is  frt->zen.  the  cans  are  hoisted  out  of  the  tank^  and  the  ice  is  looe* 
enevl  by  steam.  The  economy  of  this  system  depends  of  couise 
ui.x>n  c*.)nditions  of  operation  and  grade  of  machinery  used.  Wth 
a  head  pressure  of  190  lbs.,  a  suction  pressure  of  15  lbs.,  and  con- 
densing water  at  70^,  Professor  Denton  estimates  that  the  ave^lg^ 
economy  figures  should  be  about  6  lbs.  of  ice  p>er  poimd  of  coal  used. 

In  the  plate  system,  plates  through  which  the  freezing  solution 
circulates  are  immersed  in  a  tank  of  water.  The  water  neit  t© 
the  surface  of  the  plate  freezes,  and  the  thickness  of  the  ice  in* 
creases  with  time.  After  the  desired  thickness  is  reached  the 
plate,  with  the  ice  attached,  is  lifted  out  of  the  tank,  the  ice  being 
thawed  off  by  passing  hot  gas  or  brine  through  the  plate  cofls. 
It  is  not  common  to  pkice  the  plates  so  close  together  that  the  10c 
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fonned  on  the  adjacent  plates  will  meet,  as  the  core  so  formed  is 
usually  ice  of  poor  quality.  Good  practice  in  the  use  of  the  plate 
system  shoidd  show  an  economy  of  from  lo  to  12  lbs.  of  ice  per 
pound  of  coal. 

The  cell  system  is  a  modification  of  the  plate  system.  The 
srater  is  placed  in  cells  constructed  of  hollow  walls  through  which 
the  freezing  solution  is  circulated.  This  system  is  not  in  use  in 
this  country. 

As  far  as  the  quality  of  the  water  required  for  ice  making  is 
ooncemed,  it  is  necessary,  unless  distilled  water  is  used,  to  agitate 
the  water  during  freezing  to  free  it  from  air,  if  clear  ice  is  desired. 
In  any  case,  of  course  the  water  should  be  as  pure  as  possible,  and 
hence  the  extended  use  of  distilled  water.  The  preference  shown 
for  dear  ice  is  largely  sentimental;  for  the  opaque  ice,  which  results 
if  the  water  is  neither  agitated  nor  distilled,  is  fully  as  satisfactory 
for  most  ordinary  cooling  purposes  as  clear  ice,  provided  the  water 
s  pure,  and  is  certainly  cheaper  to  make. 

433.  Properties  of  Brine  Used  for  Cooling.  —  Two  kinds  of  brine 
are  in  use,  —  calcium-chloride  and  sodium-chloride  brine.  The 
addition  of  either  chemical  to  water  lowers  the  freezing  point  of 
the  latter.  Naturally  the  brine  is  made  of  such  strength  that  its 
freezing  point  is  somewhat  below  the  lowest  temperatures  of  opera- 
tion. The  brine  tables  in  the  Appendix*  show  that  for  the 
same  strength  of  brine,  as  measured  by  the  per  cent  by  weight  of 
the  chemical  contained  in  the  water,  CaCl2  brine  shows  a  much 
lower  freezing  point  than  NaCl  brine.  It  is  therefore  easier  to 
obtain  a  low  freezing  point  brine  by  the  use  of  CaCl2.  Sodium 
brine,  if  very  strong,  shows  a  tendency  to  deposit  salt  in  the  coils, 
liiich  may  seriously  interfere  with  operation.  It  also  strongly 
rusts  any  iron  parts  with  which  it  comes  in  contact,  a  disadvantage 
not  possessed  by  caldum  brine.  The  specific  heat  of  calcium 
is  higher  than  that  of  sodium  brine  of  the  same  strength, 
is  another  advantage,  as  less  of  the  brine  needs  to  be  circu- 
lated. Thus,  although  calcium  brine  costs  somewhat  more  than 
Bodium  brine,  the  former  is  generally  used  and  preferred.  A  20 
per  cent  solution  is  commonly  employed. 

•  Taken  from  H.  Williams'  **  Mechanical  Refrigeration." 
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cme  side  and  to  another  lower  temperature  on  the  other  side 
there  will  be  a  transfer  of  heat  from  the  former  to  the  latter  side 
iriiich  transfer  is  a  function  of  the  temperature  difference  of  the 
Idnd  of  material  and  of  the  thickness  used.  The  number  of  heal 
xadts  that  will  be  so  transferred  per  degree  difference  of  tempera- 
ture per  hour  and  for  i  in.  in  thickness  is  called  the  coefficient  oj 
ike  material.  It  should  be  noted  that  this  heat  loss  is  also  largel> 
a  function  of  the  velocity  of  air  on  both  faces  of  the  material 
The  constants  given  in  the  following  table  for  some  of  the  well- 
known  material  holds  for  still  air  only.  They  increase  if  there  are 
air  currents  over  either  face. 


COEFFICIENT  OF  HEAT  TRANSMISSION. 
X  Sq.  Ft.,  i"  Thickness,  i"  F.  Difference  of  Temp.,  i  Hour. 


Material. 


sdll 

BStOl 

Cotton. 

QUB. 

Bdrfett 

Wood,  average 

Wood  ashes 

Xiesdgnr  (inhiaorial  earth) . 
Cake,  pulverized 


Coefficient 
B.t.u. 


30 
I.  20 

.28 

3S-S-2 

.5^2.1 

1 .  10 

■45 

•SO 
1 .  20 


Material. 


Cork 

Paper 

Sand 

Shavings 

Mineral  wool 

Masonry,  brick. . . 
Masonry,  stone .  . 
Coal  ashes 


Coeflficient 
B.t.u. 


I. 0-1.8 

.28 
2.1-30 
•45-65 

•5-7 
50 

3  5 
•7 


There  are  several  methods  of  testing  insulation.  One  of  the 
most  common  is  to  erect  a  length  of  steam  piping  on  a  slight  slant 
and  to  furnish  to  the  higher  end  of  the  pipe  steam  under  any  given 
pfessuxe  and  quality.  At  the  lower  end  a  collector  for  the  con- 
densed steam  is  arranged.  This  may  be  simply  constructed  of  a 
YertiGal  length  of  pipe  furnished  with  a  gauge  glass  and  fittings 
at  the  side.  The  steam  condensing  flows  into  the  collector  by 
gravity  and  is  drawn  oflf  and  weighed  from  time  to  time,  a  nearly 
ooQstant  level  being  maintained  in  the  collector.  Since  the  con- 
densate drawn  oflf  is  imder  the  pressure  of  the  steam,  and  would 
ooQsequently  largely  flash  into  steam  if  this  pressure  is  suddenly 
ideasedy  it  is  necessary  to  draw  off  into  cold  water.  The  quantity 
of  heat  radiated  from  the  pipe  in  a  given  time  is  then  compuled 


from  "-le  v^ignr  n  rh&  •nnrit*nsari»  ni  :iie  S3ie  ±1111*  ttth— r****^ 
die   luaiit}'  if  ine  Ttjeazzi  ind  'ly  "±1*  juslz  it  tic^^c^x:!!!!!  1 
sTrtim  for  die  it- *in.  preasure.     Tie  icixis-iiiinturuai:  j:«2il  ii  "iifi : 
is  znti  vnTCerorara  iJTtt^r^^tnrg^.     "Ens  iimiiui  ^=r— i—  —  le  lijLsi  ii 

TV-ail  iidii  jjui  iijt  ii  rhe  isuaHy  Z3ae:ii5  -n»»f^;L  ic^aosn  1:  -is 
wails.  la  -ins  ::ase  "Jutt  rjernperamre  jE  lie  jceoni  ^uuifS-  tie  zr 
ppissur^  niiiv  le  fairv  Mifi*n  js  die  jssnpearjr^  .if  die  jmi^  t 
To  let  tiiiLE  if  -Jie  oiirer  wail  wnolii  r^::uir»  tiie  isse  :f  1  r^riru: 
diermoineter.  rnr-rrtati  11  this,  the  .•r.Trmrnn  pravrrfi:*  is  1:  r^z^t 
diermomerdT^  ic  -jevfirai  poinrs  fn.  *iie  lir  cLtrse  *::■  "lie  jcn  :u: : 
in  loaLict.  uni  iq  isaume  :ie  Lenmencur^  'ii:f'ir"^±:i»:e  :i-ii^  ■. 
steam  "-emperarin^  mnus  "he  j-venuie  lir  rfTrrr-t*m.rnr--  i,:  vtn^; 
Tie  lonmniii  pnurdce  is  ^5  drst  teiss:  die  pipe  zurt  izxi  "_ 
Ajpij}  wrxen  :f;''er^i  wrcii  die  insuiiLdoa  zo  be  ;js?uiti_  Iz.  t 
^zxstt  "iie  juandtT  of  heat  trananitted  per  Kniar?  :•:*:€  :f  tec  : 
face  pt:r  n^spttt  iiiierfiniie  •}f  cemperatare  per  hofir  is  ::ci;'--: 
If  y.,  r^resencs  "iiis  -yianriry  for  die  bare  pipe  inii  '^•.  "±e  :-i 
dr/  fcr  die   lovpr^i  pipe,  then  the  ejidency  af  tJu.  bt^A 

£  =  -'  ,  "■ 


'.s 


y'jr.;:  "^la".   /    ii  a<:i:  die   :':erCLcierLt  'ip4vken  of  xb»:v-t.   beia^jc 
ii^iimni.ri   A   "iiii    riemiienc  retzuires  diat  the  LUSuIu-doEi  be  : 
*ju«::i.     I:  Tinjii*:  :»r  ^tan-i^i  that  it  will  oot  «io  co  -ii—jie  /.  b* 
din:xiies-    t  diti  L[iiuiad<;ii  "o  obtain  die  coenitierr t.  fo-r  the  rt-i 
:r.a:  "Jit*   :!5«.Tt:n«:y    ;i  insuiadon  'i<3es  not  vary  .iir^^tl;--   -iisz. 

5  :i':r-ji;£  Tit. Pi   ^rediicailv   no   the  kind  of  insuiati«jc   usee 

m.  »  ^ 

ir.Kt'.r    .  .*  I  Li::   :  .nrDurtnienLS.  another  mecfaoci  of  testiiLZ  w.: 
":r:  : .   i-r  .:rT:i:i':  M'-  :if^:tri»:ai  enerzj''  input  to  keep  a  CLjinpiirtii: 
11  i   :rr:j.:r-  "  :^.r:»:ri:ur':r  ^Ith  a  ZLveai  temp^auture  outsicc  of 
:• :  rr  r: ;  i .''  t:  < :  r: "      Z-  •  rr  ^rn^  iin  -j  "ip^jn  circumstances,  a  n umber  ■  .■  f  ■..  t 
T:«:~!:<.«i?  "N^ll  r;i:r'X':<r  "i:tirnsei''.'es. 

4..35'  Tlie  Ideal  Vapor-compressiaa  Ruffrigegatiag  Cyde.  —  1 
i':-:.;.  ."  .:*t  :  .r  L  '  i"* T-*:f:rapnision  machine  is  die  CaxnoL,  St: 
Lzz  ^"  "^  "be  i-^!iiii  XH:  and  leaving  the  coadeoser  jx  an  absoi: 
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temperature  Ti,  we  locate  point  A  on  the  liquid  line  of  the  entropy 
diagram,  Fig.  593.  This  liquid  neit  enters  the  expansion  cylinder, 
vaporization  taking  place  in  this  cylinder  until  the  tower  absolute 
temperatiure  7^  is  reached,  locating  point  B.  The  vaporization  is 
only  in  part  completed,  the  quality  of  the  mixture  after  leaving 

the  expansion  cylinder  being  represented  by  the  ratio  -^^ .  Va- 
porization is  continued  in  the  refrigerator  (really  the  heater  as 


Fig.  S93-  —  Ideal  Vapok  Compbessios  Refsicekating  Cycix. 

far  as  the  refrigerating  agent  is  concerned).  At  the  end  of  the 
refrigerator  action  and  by  the  time  the  compressor  is  reached,  the 
v^Mr  may  be  wet  saturated,  as  indicated  by  any  point  between 
B  and  C,  dry  saturated  at  C,  or  superheated  as  indicated  at  C". 
What  the  end  condition  of  the  vapor  is  depends  largely  upon  the 
amount  of  refrigerating  medium  in  circulation.  At  C  the  quality 
is  such  that  the  ensuing  adiabatic  compression  CD'  (wet  compres- 
sion) to  the  temperature  ^i  just  renders  the  vapor  saturated. 
This  is  indicated  by  D".  After  compression  the  hot  high-pressure 
vapor  is  then  sent  to  the  condenser,  in  which  it  is  assumed  that 
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heat  is  abstracted  to  the  extent  that  liquefactioii  is  just  completed 
This  process  is  indicated  by  line  TfA^  which  completes  the  CNcle. 
If  the  refrigerator  acti<Hi  is  stof^jed  so  that  the  vapor  quality  is 

e\'en  less  than  ^777,  the  comfdete  ideal  cyde,  if  carried  out  as 

before,  will  be  represented  by  the  area  ABC'" If" A^  If  \':^r- 
ization  is  continued  to  dryness  at  C,  the  ensuing  adiabatic  com- 
pression will  superheat  the  vapor,  the  process  being  shown  by 
line  CD  (dr>'  compression).  The  superheated  \'apor  k  then  cooled 
in  the  condenser,  first  at  constant  pressure  along  DLf^  and  then 
liquefied  along  D' A,  Finally,  if  the  action  of  the  refrigerator  is 
such  as  to  superheat  the  vapor  at  the  inlet  to  the  compressor,  the 
compression  will  proceed  along  a  line  C'ly'j  and  the  complete 
ideal  c>xle  is  the  area  ABCC'iy'iyA^ 

436.  The  Ideal  Coefficient  of  Performance.  —  It  will  be  noted 
by  inspection  that  the  ideal  cycle  outlined  in  the  preWous  article 
is  an  ideal  heat-engine  cycle  (Camot)  reversed.  In  the  heat-engme 
cycle,  a  certain  quantity  of  heat  Qij  represented  by  the  rectangle 
AG  in  Fig.  593,  is  taken  in  along  the  line  Al/.  A  c»-tain  other 
quantity  of  heat  Q2,  represented  by  the  rectangle  SG,  is  discharged 
along  the  line  C'5.  The  external  work  W  done  is  represented  by 
the  rectangle  AC^,  and  we  have  of  course 

W  =Qi-Q%.  (i) 

The  same  reasoning  may  also  be  applied  to  the  other  cases  indi- 
cated in  Fig.  593. 

In  the  refrigerating  cycle,  we  remove  from  the  body  to  be  cooled 
the  heat  Q2,  equivalent  to  rectangle  BG\  in  the  compressor  we  do 
a  certain  amount  of  work  W,  equivalent  to  rectangle  AC\  and 
discharge  a  certain  amount  of  heat  Qi,  equivalent  to  rectangle  AG, 
into  the  condenser. 

If  we  define  efficiency  as  the  ratio  of  the  usefid  effect  of  an  opera- 
tion to  the  cfTort  or  energy  expended  to  gain  this  effect,  we  eu- 
dently  will  have  for  the  heat  engine 

Efficiency  =  7^-  =  ^  r^        =  — ^ '  (V 

♦  ABCDiyA  and  ABCC'D"iyA  are  not  Carnot  cycles. 
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ind  for  the  refrigerating  machine 


£fficiencv  =  ^'^  =  — ^'^ —  = ~ — 

-      W     Qi-Qt      T1-T2 


(3) 


The  latter  expression  is  nearly  always  greater  than  unity,  and 
:an  in  a  certain  sense  only  be  looked  upon  as  an  "  efficiency." 
Wbsit  the  factor  really  eicpresses  is  the  number  of  times  the  heat 
W  expended  in  compressor  work  is  regained  in  cooling  effect,  and 
the  term  "ideal  coefficient  of  performance^'  instead  of  "efficienc>'-' 


is  therefore  commonly  used  for  the  ratio 


w 


530  aba. 


180 

160 
450' 


I  A  I        r.    ■'.'■'  ■•■■X'  .■■■v.-.'."-"'. 


—— ». 


w 


•**M«M*^^^M^^^rt 


The  last  form  of  the  eicpression  for  the  ideal  coefficient  of  per- 
formance in  Eq.  3  will  serve  to  point  out  one  or  two  important 
[acts  with  reference  to  efficiency  of  operation.  T2  is  the  tempera- 
ture of  the  cooler,  while  Ti  is  that  of  the  condenser.  By  inspec- 
tion of  the  expression  we  note  the  following:  (i)  For  any  gi\'en 
Fj,  the  lower  Ti  the  higher  will  be  the  coefficient  of  performance; 

[2)  for  any  given  Ti,  the  higher 
Ft  the  higher  the  coefficient; 

[3)  in  general,  the  nearer  to- 
gether Ti  and  Tj,  the  better 
the  performance.  The  entropy 
jiagram  also  shows  these  facts 
rary  dearly.    Thus  hi  Fig.  594, 

let  the  condenser  temperature  ' = --^ iB 

be  fixed  at  Ti  =  460  +  70  =  ^ig.  594. 

530**  F,  abs.,  and  let  the  tem- 
perature of  the  cold  body  be  in  case  (a)  —  10°  (=  450°  abs.);  case 
(6),  o**  (  «  460®  abs.) ;  and  case  (c),  20°  ( =  480°  abs.) .  For  the  same 
unount  of  energy  W  expended  (shaded  areas  equal),  the  heat  Qy 
removed  is  in  case  (a)  equal  to  rectangle  AB,m  case  {b)  to  rectangle 
A'Bj  and  in  case  {c)  to  rectangle  A''B,  The  ideal  coefficients  of 
performance  are  5.6,  6.6,  and  9.6  respectively.  Or,  conversely,  for 
the  same  quantity  ft  of  heat  to  be  removed,  it  requires  a  greater 
eq)enditure  of  energy  W  to  do  this  between  —  lo"^  and  70°  than 
between  20**  and  70**,  as  will  be  clear  from  a  stud}'  of  an  entropy 
diagram  applying  to  the  two  cases.     Finally,  the  ideal  coefficient 


I  I 


LOIO 
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•ji  perionnance    iepeaib  oniy  upoa  absolute  temj>erature  and  is 
ihereiore  independent  jf  die  working  medium  used. 
437.  Tht  Actual  VapoF-cainpresBuia  Kefiigeiating  Cycle. — In  an 

-Lcruiii  reiri:£erutini  ^midline  die  cycle  of  operation  fails  to  meet 
:hc  ^:ondiuoni  n  complete  reversibility",  as  outlined  in  Art.  436, 
jjid  for  :hac  reason  the  actual  coefficient  of  performance  is  less 
*:hun  in  -.he  ideal  case.  To  see  the  causes  for  this,  it  will  be  in- 
-iructive   :u   roiiow  the  reingerating  medium  around  an  actoal 

ycie.     The  ^tudy  is  best  made  on  the  basis  of  entropy  diagram, 

md.  >ince  in  the  majority  of  cases  in  actual  operation  the  yzpx 
'■<  ^upertieateii  xt  -ihe  sucdon  valve  to  the  compressor,  this  will  be 

-he  jnly  .ase  considered  in  detail. 
Starting  -.vith  the  liquid  in  the  condidon  delined  by  the  point  A 

m  :he  entropy  »iiagnim.  Fig.  505.  this  liquid  is  next  allowed  to  pass 


a/1         Bj 


#»• 


\v.  1'  \:.  \  vi'OR  CoiiPEESSii.'N  Refugeraxing  C\C1£. 


througn  ::ic  e\p«in>i»'ri  valve,  which  results  in  a  lowering  of  pres- 
sure Wo  :id\e  :[i  t'.iis  process  the  drst  de\'iaUon  from  the  ideal 
cycle.  >ince  .m  ','y:\\iii>ion  \'Lilve  is  substituted  for  the  eipanswn 
cylinder.     The  expansion  is  largely  xmresisted.  the  process  is  no 
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longer  adiabatic,  and  is  irreversible.  The  reduction  of  the  pressure 
from  that  existing  at  A  to  that  corresponding  to  the  temperature 
7*2  results  in  a  partial  vaporization  of  the  liquid  as  it  passes  the 
valve.  The  problem  is  to  locate  the  point  B.  If  the  temperature 
7s  is  measured  at  a  certain  distance  beyond  the  expansion  valve, 
so  that  the  kinetic  energy  changes  that  accompany  the  passing  of 
the  liquid  through  the  valve  have  again  disapp>eared,  it  may  be 
fairly  assimied,  neglecting  radiation,  that  the  process  up  to  this 
point  is  one  of  constant  heat.  This  means  that  the  area  AF^F'B'A 
is  equal  to  the  area  B'BFF'B',  which  at  once  locates  the  point  5, 
since  the  first  area  and  the  distance  B'F'  are  known.  Mathemati- 
cally, the  problem  may  also  be  solved  as  follows:  The  total  heat 
content  iu  the  vapor  at  i4  is  assimied  the  same  as  the  total  heat 
content  at  B.    Hence 

^A^A  +<Ia=  ^b^b  +  9b'  (4) 

But  Sit  Ay  X  =  o,  therefore,  solving  for  the  quality  of  the  mixture 
at  5, 

xs  =  '-^-  (5) 

^b 

Xq  is  the  ratio  -rr;^  in  the  diagram.    The  rest  of  the  vaporization 

is  carried  on  in  the  cooler  as  before,  except  that  there  is  some  loss 
of  effective  cooling  due  to  the  heat  influx  in  the  piping  leading  to 
and  from  the  cooler.  It  is  assimied  that  the  vapor  is  superheated 
to  C",  as  determined  by  a  thermometer  in  the  suction  inlet  to  the 
compressor. 

For  the  fixing  of  point  C"  we  have  the  following  data:  Entropy 
at  poiat  C  can  be  found  directly  from  the  NH3  vapor  table  accord- 
ing to  the  pressure,  or  temperature  T2.  The  temperature  at  C" 
is  found  directly  by  thermometer  in  the  suction  pipe  just  ahead 
of  the  compressor;  call  it  Tz.    The  added  entropy  due  to  super- 

T 
heat  is  then  =  C|>log,^,  in  which  Cj^  is  the  mean  specific  heat 

of  the  superheated  vapor  between  T2  and  Tz.  The  uncertainty  of 
the  computations  lies  in  the  fact  that  very  little  is  known  about 
the  value  of  Cj^.    The  data  available  all  apparently  apply  to 
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atmospheric  pressure.    Landoldt  and  Bomstein  give  the  following: 

Temp,  range,  deg.  C 23-100  27-200 

Co '5202  .5356 

It  is  probable  that  C^  varies  for  NH4,  with  temi>erature  and  pres- 
sure, in  a  similar  manner  as  for  steam,  but  it  is  also  probable  that 
the  changes  are  not  as  pronounced.  At  any  rate,  in  the  present 
state  of  our  knowledge,  the  best  that  can  be  done  is  to  assiune  C^) 
constant  and  equal  to  0.53. 

In  passing  the  inlet  valve  to  the  compressor  there  is  a  certain 
loss  of  pressure  due  to  wire  drawing.  The  extent  of  this  can  be 
found  by  comparing  the  suction  pressures  just  ahead  of  the  inlet 
valve  ynXh  those  on  the  compressor-indicator  diagrams.  Consid- 
ering this  a  constant-heat  change,  the  process  can  be  indicated  on 
the  entropy  diagram  by  the  line  C"C'".  It  should  be  understood 
that  this  change  is  so  small  ordinarily  as  to  be  negligible;  it  is 
much  exaggerated  in  Fig.  595. 

To  construct  the  compression  line  C"//"  in  the  entropy  dia- 
gram, it  will  be  necessary  to  tiun  to  the  indicator  card  from  the 
compressor.  The  method  of  computing  temperatures  along  the 
compression  line  of  the  indicator  card  will  be  outlined  in  Art.  440. 
Assuming  that  for  any  given  pressure  the  saturation  temperature 
is  r,  and  the  temperature  on  the  compression  line  is  Ty.  the  total 
entropy  of  the  superheated  vapor  at  the  pressure  chosen  and  the 

temperature  Ty  will  be 

T 

*total  =  *8at.  at  T,  +  ^D  l^g*  ^*  <^^ 

By  aid  of  this  equation  a  number  of  points  may  be  located  to 
determine  line  C" D'"  in  the  entropy  diagram. 

At  D"\  the  vapor  is  next  forced  through  the  discharge  valve, 
the  action  being  accompanied  by  a  pressure  drop,  which  may  be 
represented  by  the  constant-heat  change  Z)'"/>".  In  the  con- 
denser side  of  the  system,  the  vapor  is  next  cooled  at  constant 
pressure  along  line  D" D'  to  saturation  at  Z)';  the  latent  heat  is 
removed  along  D'A.  If  the  condenser  action  continues  beyond 
that,  supercooling  the  liquid,  this  action  may  be  represented  by  a 
Une  A  A'.    In  that  case  the  action  in  the  expansion  valve  will 
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first  be  to  retrace  line  A' A,  and  the  cycle  then  starts  from  A,  a 
before. 

In  the  analysis  above  made,  the  actions  along  C'C"  and  alon 
ly'lf*  are  much  exaggerated.  The  compression  line  C"D'"  slopK 
generally  to  the  left,  as  shown,  on  account  of  heat  loss  to  the  jackc 
of  the  compressor.  The  amoimt  of  the  deviation  from  the  adis 
batic  C"Z)i  is  of  course  a  function  of  the  eflFectiveness  of  coolinj 
It  will  in  general  be  foxmd  that  the  p)oints  C  and  D"  are  in 
vertical  line,  or  very  nearly  so,  and  that  the  area  OD'"D"  is  s 
nearly  equal  to  area  OC"C"  that  the  entire  analysis  may  be  shori 
cned  by  simply  drawing  in  the  line  C*D" ,  The  efifect  of  thi 
simplification  upon  the  area  of  the  entropy  diagram  is  generall 
negligible. 

The  entropy  analjrsis  for  the  case  of  vap)or  wet  at  the  suctio 
valve  is  very  difficult  to  carry  out  because  of  the  practical  impoj 
sibility  of  determining  the  quality  of  the  vapor  at  that  point. 

438.  The  Actual  Coefficient  of  Performance  and  the  Real  EflB 
dency  of  the  Actual  Refrigeration  Process.  —  The  total  refrij 
eration  eflFect  shown  by  the  entropy  diagram,  Fig.  595,  assumin 
that  an  expansion  cylinder  is  used,  is  equivalent  to  the  are 
B"CC'G"F".  In  the  real  case,  this  effect  is  reduced  by  'the  fo 
lowing  items: 

(a)  The  loss  due  to  the  substitution  of  an  expansion  valve  fc 
the  expansion  cylinder.     This  is  measured  by  the  area  B^'BFF' 

(b)  The  useless  refrigeration  in  the  piping  leading  from  th 
expansion  valve  to  the  cooler.  This  may  be  represented  by  a 
area  BB"'F'"F.  In  any  practical  case  this  can  probably  not  b 
directly  detenmned,  for  its  effect  would  simply  be  to  change  th 
quality  of  the  vapor,  and  we  have  no  direct  means  of  determinin 
the  latter. 

(c)  The  useless  refrigeration  in  the  piping  leading  from  th 
cooler  to  the.  suction  valve  of  the  compressor.  This  may  again  b 
xepresented  by  an  area  UC'G'W,  and  is  susceptible  of  direc 
measurement  if  the  vapor  leaves  the  cooler  superheated. 

Hie  net  refrigeration  shown  by  the  diagram  is  then  representee 
by  the  area  B'"CEWF'"B''\  Call  this  amount  Q^,,.  Th 
-^wnk  W  expended  is  in  this  case  equal  to  the  area  ABCC'D^UA 
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and,  by  definition,  the  coefficient  of  performance  as  per  entio|>y 

diagram  is  then  =Sf?* 

Now  the  quantit>'  Qwc  is  not  the  useful  refrigerating  effect.  It 
would  be  if  in  the  cooler  all  of  the  heat  given  to  the  NH«  came 
from  useful  refrigeration.  In  practically  every  case,  however, 
there  are  radiation  and  conduction  of  heat  serving  no  useful  par- 
po6>e.  Let  the  actual  useful  refrigeration  be  represented  by  0$, 
and  the  heat  added  throu^  radiation  or  conduction  in  the  cookr 

by  tV  then  (?«.=e,  +  (?«.  (7) 

(,^^3  may  be  directly  determined.    In  case  brine  is  used,  for  instance, 

ft  =  GC,  (ti  -  k)  B.t.u.,  (8) 

in  which  G  =  weight  of  brine  in  circulation  per  pound  of  NHj; 
C;,  =  mean  specinc  heat  of  brine; 
ti  =  temperature  of  brine  entering  cooler; 
fe  =  temperature  of  brine  Iea\-ing  cooler. 

The  compre:>sor  work  W  is  the  same  as  before,  and  the  acHui 
LoemLicnl  of  iferf'ormance  is  therefore  ^.     The  ratio -^mav  be 

rcjiurdoo  vi>  the  cHaencv  of  the  cooler, 

bi  praciici.*  the  actual  coeflBlcient  of  performance  is  conqwted 
ivynv.  ihc  virjc'tuJ  retrigeradon  effect  and  the  heat  equival«it  ottk 
."i!i[>rcs>4.^r  work  in  d  given  time. 

I:'  AC  AciiiTc  :hc  real  ejfici^nury  of  the  refrigeration  process  dsi^ 
'.\:\y'  ;i  v:c  actual  useful  refrigerating  effect  to  that  theoredoDy 
,vm!:m'.^c  lor  any  given  wurk  W  in  the  compressor,  we  will  ha^ 


Kcai  v:flicicncv  = 


2l (9) 


Equivalent  of  area  B^'CCCF' 
!'i  :asc  VIC  '.  :i;>t  is  noc  superheated  at  any  stage  of  the  process. 

"ic  uica"  o;c'Mcic!i"  o£  ::erfonnance  is  -=; — =-zr.  the  retriijenM 
oilcci  will  *>c    -   ,;---",.  W.  and  the 

Rv:dJ  eific'cncv  = ^ =  ^iilk^is) .  (») 

.  ■  —  ij 
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439.  Wet  and  Dry  Compression. — The  meaning  of  these  terms 
has  abready  been  outlined  in  Art.  435.  As  far  as  relative  eflSciency 
of  the  two  systems  of  operation  is  concerned,  this  has  to  be  consid- 
ered from  a  practical  as  well  as  theoretical  standpoint.  In  theory, 
referring  to  Fig.  593,  the  work  expended  in  wet  compression  is 
area  ABCD\  the  useful  eflfect  is  area  BCGF,  In  the  dry  com- 
pression system,  starting  at  C,  the  work  done  is  ABCDD'A,  the 
useful  eflfect  is  BCG'F.  The  work  area  is  increased  by  CCDD', 
the  useful  eflfect  by  area  CCG'G.  It  will  at  once  be  seen  that,  for 
the  two  processes  to  have  the  same  eflSciency,  it  would  have  been 
necessary  to  increase  the  work  area  in  dry  compression  only  by 
the  area  D'C'CR.  The  extra  area  DD'R  is  therefore  a  measure 
of  the  loss  in  the  dry  compression  system  as  compared  with  the 
wet.  Even  in  theory  this  loss  is,  however,  so  small  as  to  make  no 
practical  difference.  It  increases,  of  course,  with  the  degree  of 
superheat  in  the  vapor  at  the  suction  valve,  while  for  any  com- 
pression starting  between  C  and  C  the  loss  is  less. 

In  practice  it  is  common  in  even  the  wet  system  to  choose  a 
point  between  C  and  C  so  that  the  vapor  is  slightly  superheated 
at  the  end  of  compression.  Any  other  condition  at  this  p)oint 
would  seriously  cut  down  the  refrigeration  eflfect.  As  far  as  the 
practical  merits  of  the  two  systems  of  operation  are  concerned, 
there  has  been  much  controversy  that  cannot  be  entered  into 
here.  Swing  comes  to 
the  conclusion  that, 
everything  considered, 
there  is  little  difference 
in  the  eflSiciency  either 
on  theoretical  or  on  prac- 
tical grounds. 

440.  The  Compressor 
Indicator  Diagram.  Vol- 
umetric Efficiency. — 
The  general  shape  of  the 

compressor  diagram  is  shown  in  Fig.  596.  AB  is  the  reexpan- 
sion  Une,  if  there  is  vapor  left  in  the  clearance  spaces  at  the  end 
of  the  compressor  stroke.    From  5  to  C  the  compressor  draws 


Atm.LiiM 


Fig.  596.  —  Compressor  Indicator  Dugram, 
Refrigerating  Machine. 
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44X.  The  Weigftt:  qf  Jl^  in.  Ganiiiinw  — The  jmcinxr  11  V^ 
in  cirrnlahnn  may  be  rtPTfrrmnptf  erperfmfnrany  ir  -zsniZTii^ 
appmxxmaxeiy  Ii  is  aoc  2  oecEaaorj  ftezn  Dor  rhe  iL-nnDiuiicoi 
at  the  azniiunt  of  retrigcTarma  or  the  gnerzy  apenixed.  is  'iie?- 
fiore  ant  required  tci  dect^inine  die  coeffidoic  of  pea^i^imiirr  inc 
a  in  conseqaence  not  ofren  detexmmed  ffxpcTiinmrirfT'. 

The  direct  •ierenzmiatioiL  tif  wexsht  s  made  an  rhe  ^«t^'^  Viq-- 
presaure  iide  of  the  rTTgrfmw^  It  has  been  dune  by  Tfrng  1  35L  ji 
meter,  or  other  ioitabie  type,  and  by  rnffTposmg  JM^igfiififf  '^n^^ 
on  icaies  between  tie  condenser  and  the  receiver.  The  Dacae: 
method  was  used  by  J.  E.  Denton  in  a  test  on  a  7  j-tiar  ma.'^rm^ 
the  test  being  reported  m.  Trans.  A,  S.  >L  EL.  VoL  XEL  iS^l,  Tit 
meter  used  was  connected  to  the  ontiet  •>£  the  condcoser  urif  -wi^  i 
J-inch  Worthington  piston  meter.  It  is  stated  that  the  varres  :i 
this  met^-  urcre  spedally  made  of  wrought  3teeL  -*"*7  *^^  a  fe^ 
extra  bolts  wctb  used  in  the  top  and  bottom.  Jaints.  The  nietsr 
was  tested  for  righmrss  against  25c  lbs.  of  air  preseore  unoer 
watffl-.  It  gave  no  trouble  during  a  manth*5  use.  except  that  tie 
packing  around  the  dial  arbor  had  to  be  renewed. 

When  weighing  tanks  on  scales  are  used,  it  s  cnstoznarv  tu  isc 
two  connected  in  parallel  in  orde"  to  obtain  a  contrnm^us  reoiiiiz 
Each  IS  itted  Mzh.  vaives  on  the  inlet  and  '^utlet,  ^j  rha:  each  zLiy 
be  lut  jit  A  -jie  iy^tem  at  wilL  and  with  a  -zauge  ji:!--^^  5.:  lii: 
the  ie^ei  •  jf  the  iicuid  NH?  may  be  readily  -iettinninetL  Tbe  urii 
are  cr^nne^ited  zy  piping,  on  the  one  aide  to  the  condeiser.  cc  "1^ 
other  to  :he  r^ttieiver.  of  5uch  loigth  that  there  is  sumcieii:  fcn- 
bility  -..,  zi'-'i  a  ^adsiactory  reading  of  dinoence  on  the  fcale.  Iz 
the  testinn  rjinnz  at  Sihiev  College,  die  tanks  are  fubmersec  in 
water  t'.v  maintain  a  constant  temperature,  but  rhJ!^  is  pr-i-bab/. 
n<vn  nece^^ar-/.  In.  using  tiiis  weighing  system,  suppose  that  i-lc: 
vrilv'i  -.>:  tank  .1  and  the  outlet  valve  to  tank  B  are  dosed.  whL-: 
the  :ther  -alves  ;ire  open.  This  means  that  tank  A  \s  •iischarziiiij 
in*',  ^hiz  rf^:eiver  while  tank  B  is  nlTing  from  the  condtmser.  When 
tank  3  ii  illtri.  A  -^niL  be  down:  thai  the  connections  are  changed. 
V.iK  zros=  in<i  rare  "veigfats  recorded  for  each  tank  of  course  deter- 
ntin.tr  the  total  "veiiiht  nassing. 

.V  -rinjiie  tank  mav  be  made  to  do  sovke.  eicept  dtat  a  rate  of 


low  rather  th^s  i  =axn2xiun&  rr^i-^^T^ziJi.  ^  zr-i^^i  II:  .r^ 
3ise,  with  the  ociisi  Tiirc^  TuHr**:.  iit  i-iiu.  i-  ^v--^  ^.  iil  ur 
Erom  the  coodciser.  "Zjii  jut^  tu*--  ~  ::YfT  i..---.  ..s:  j.cj: 
snough  to  taie  tit  rras  ^^-crrn  -rt  r-'Sirr:  -r^—T  -rfiiri  v-iai  :: 
quickly  drain  vat  ^^^^rUr  ^axnanr  urii  in:  Tr:^*"^  -iiii  1*  .^z^iLiz. 
the  new  tare  ■€«!/:  t  -rix  -nt  in^jtr.  — ^"  -  — .-s^tl  Trjr  rLrt^.  -_  : 
is  then  opened  4=if  "ibf:  x«sri.:jLii  Tf7*i-.:rL 

It  is  esscntiaL  zz  izry  mrrn  r;--r.^z  .  •  tt-*—^  f  ■.  .-—  ir^:  ibr 
amount  of  fiquS-i  rcasiSL-  n  i:r;  ^•j^idl  il  vr^-i  L.-iLii  tt*^} 
gather  is  exactly  zht  SEmt  ir  iitt  e^i  -^r  -:  irn  :>-7T:-.n-£  .•:  \nr 
test.  If  this  ocofhijr  rtimic  :»:  rt^cirrL  pr.^.»er  -l:.^w>^:.-i-  zr.:.-: 
be  made. 

Where  a  volazDC  =«ai5zrEnt*:r:  •:  Lrjji  >"H  _-  Tr.«::r  -^ir  ifi:s::y 
must  of  course  be  ka:»^n.  *.:  :ii«u.jl  iiir  vtiirri      Tni.-  ir  ir"  t^  :  v 


Denton^  as  foDows: 

Tbnpu'F.  5         lA  :.  .^  -:  -t  -1  -..^  S: 

Density,  Distilkd 

W»ter'«i-qos«  62-45  *  .-=:     .',a:.:      ' -i     .  .;  -        -.:     .  -.--  .■.o>.      ■•^:^ 

Ib8.percu.  ft.  ^ 

Several  more  or  ksf  2cc>r',7~.i.it  nt-iij.iir  ::'  :_•— »--:i.-J:<l  niiy 
beused  to  deteimine  iht  iLr^ijui.:  .•:  ?vH;  ::  sirr^u'..!-.'. 

The  conmion  waj-  is  lo  s-ttr.  -w-n  liir  LVpt --:•:.:  .  .'/.imT::::  ca- 
dency of  the  compressor  5.et  .\r_.  .^c  I:  ilL-  ir  r-r.'rr>ez:ed 
by  £^  and  the  actual  pastor  iiiv«lii'.*r!ri*-L:  i-  V  -.--  ::.  :»rr  s-ir-jke. 
the  effective  di^dacemeni  per  rtr.it  -n-H  \r:  £.  r  .-.  f:  I:  we 
let  the  volume  of  1  lb.  of  the  vjipor  a:  tri*:  *-rit  .•:  :h*:  f-::ion  stroke 
be  V  cu.  f t.  per  lb.  and  X  the  nun'-^r  .f  c:»=:>re?>..r  cy-cles  ptr 
bour,  the  weight  of  NHi  in  cirailcU'.*^  per  hour  -R-iH  e\idcnt:y  Se 


£.crv 


lbs. 


Ihc  micertain  factor  in  the  coTrputati-.r.  i^  the  iu«:i:>  .  f  tho 
vapor  at  the  end  of  the  suction  stroke,  if  T\ct  . or..:  rt^si.n  is  ustvl. 
or  the  temperature  at  the  same  p»oiiit.  if  try  :  r.::  Tt»iv  r 
ployedi    Both  affect  the  value  of  :.     It  is  certjiin  :'::.»: 

•  Traiis..\.S.M.E..  Vol.  XII.  :S.:. 


\    t  •  ft 


zczn  EXPEROtENTAL  ENGINEERING 

b  irier  or  more  highly  sapajxieated)  at  the  end  of  the  suction 
surt.^ke  :han  it  i:^  jhemi  of  the  suctioa  vai\'e.  owing  to  the  heating 
eaecr  oi  die  cviimier  walls. 

I3i.»cn  E>t;V'jison  Wixni*  and  J.  E.  Denton  +  have  made  compu- 
t;itit»n:*  .)Q  the  '.acrer  p%.>uit  ror  sup^heaUd  \-apor. 

The  :V)mer  :vr  a  case  in  which  the  suction  pressure  was  28.9  lbs., 
the  >uctiun  teniperuture  577^.  and  the  outlet  temperature  116.1°, 
as>unie5  a  remperuture  it  the  end  of  suction  equal  to  105°.  Zeu- 
-K-r  >  euuudon  tor  the  spednc  \x»hime  of  saturated  or  superheated 
NHa  vapor  is 

C.C07  r  —  4.0  ^  /  X 

n   —  J » (12) 

ill   viucii  r  =  absolute  temperarjre  and  p  =  absolute  pressure  in 


\LLiUc   'I  :•   -  ::  4  cu.  ft.  per  lb.     If  the  Litter  value  is  used,  as  is 
jv.'jn  itjiie,  the  weight  of  NH3  determined  is  too  large  by 

=  ^.  L  per  cent. 

In  -.'le  •iir^t  "n?ported  by  Denton,  in  which  the  XHa  was  actuafly 
:!!L'.crt.'i.  ::ie  c-jnipu Cation  on  the  basis  of  \"olumetric  efficiency 
.lao  -;»c'.*.!ic  •.  tMUjne  at  auction  pressure  and  temperatxue  showed  a 
.\i:^«;^»i=.  i  NrL  n  circulation  21.4^  per  cent  greater  than  the  actual 
'•'  oc'i  .;  luTv  :tiusl  have  been  considerable  heating  of  the  gas 
a>  .;  .!!  ..-v:  ic  :v*inder,  md  Denton  computed  that  the  lempcra- 
•  ;.-  t  K  :!i»:  :i  ::ie  >uctica  >tn."<ke  nust  have  been  So"  instead 
.:>  -!^  \ '!  use  ahead  of  dhe  suction  val\-e.  The  suctico 
;rvv>i.irv   \:;^  !::  \ii>  ;u<e  4.^  ^bs.  abs. 

\:!'  \.  r  ••i'.^n'  '^:m  the  above  that  everything  depends  upon 
•:  i«.  ■^rv^i.vr  j>^L.:-^:;r:in  ;f  temperature  at  the  end  of  the  suctiOD 
>:-.  k;  ■"  *.'ic  •  ir^.^r  ir  "ihe  end  of  the  suction  stroke  is  >tiB  wrf. 
t'^.  •^:'.-I:'Ic«ri  is  r  ^.n  -v.rr.'  -iiScuIt.  In  that  case.  Poderlein  (sef 
rt;£ci>:'!ice.  'J,   •  cj :    -^ms^  :he  assumption  that  the  \'apor  is  jiB^ 

"  '  -M.i^  A.  >  \i.  fc'..  VviL  xn.  ts^Jt.  p.  sT-i^ 
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Idry  at  the  end  of  comprcsskm.  Assuming  that  the  process  is 
jfeentropic.  he  computes  the  quality  at  suction  pressure  on  the  card 
^m  the  relation 

^c+^r^'^^D'  +  ^C'^'  (13) 

in  which  *c-  aiid  «o-  ^^^  the  entroiMes  of  the  liquid  at  C  and  /)* 

lespectlvely,  in  Fig.  593. 

'    »p.  and  «£)■  ^f^  the  quaUtles  of  the  vapor  at  C  and  Z^,  and  —  rep- 

xcsents  the  entropy  of  the  dry  vapor. 

"    By  assumption,  x^.  =  i.o,  and  since  the  absolute  pressures  at 

C  and  D'  are  known,  the  other  quantities  may  be  obtained  from 

^e  NHj  table,  and  Xj..  may  be  computed.     The  vdume  per  pound 

0f  the  vapor  then  follows  from  the  relation 

V  =  xu  -^  a  =  x(i/  —  a)  —  a  =  approx.  xv',  (14) 

a  which  X  =  quality  of  vapor. 

u  =  increase  in  volume  during  vaporization  at  the  pres- 
sure under  consideration. 

ff  =  specific  volume  of  the  liquid  at  the  same  pressure. 

if  =  specific  volume  of  the  dry  and  saturated  vapor  at  the 
same  pressure,  obtained  directly  from  vapor  tables. 
Ktis  value  of  u  is  then  substituted  in  Eq.  (11). 
|.  The  computation  above  outlined  requires,  for  the  case  of  super- 
PKated  vapor,  an  estimate  of  the  temperature  at  C",  Fig.  593,  while 
Qiat  for  the  wet  vapor  determines  the  quality  at  C',  on  the  assump- 
Bon  that  D'  is  on  the  s;ituration  line.  As  an  alternative  method, 
%  is  possible  to  obtain  an  approximation  to  the  weight  of  NHj  in 
tfrculation  by  aid  of  the  entropy  diagram  of  the  real  cycle.  The 
fcrea  of  this  diagram  represaats  the  work  input  per  [>ound  of  NHj. 
p,  therefore,  we  divide  the  h^t  equivalent  of  the  actual  compressor 
■Wree-power  per  hour  (=  Comp.  H.P.  X  2545)  by  this  heat  input 
Mr  pound  of  NHa.  the  result  will  be  the  weight  of  NHj  in  drcula- 
pm  per  hour.    This  meihoil  holds  for  the  vapor  under  any  condi- 

Bnn  n!  rai-Miv  r\T  euperhfat. 

I  Ratiiig  of  Refrigeratiog  Machines.  —  The 
_al]y  removed  from  the  cold  body  by  a  refrig- 


1028  EXPERDIEXTAL  ESGSSEEMISO 

eratxng  nmr hfne  'in  case  bfrine  draxlatiaa  k  tEsed.  eqcal  to  lini 
weight  of  brine  drcnlated  per  ami  of  dme  tizscs  laiige  ci  teoipci- 
tare  of  cooiing  times  specific  beat;  is  known  as  the  cmmiimg  or  w^'riitw- 
aUng  efect.  One  measure  of  efficiency  or  ecooooxy  woodd  iiie»jce 
be  to  state  the  cooling  effect  prodnccd  per  ujaiipcessor  hocse-pov^. 
or  per  steam  horse-power,  or  per  poond  of  cool  lEsed. 

The  heat  of  fusion  of  ice.  from  ice  at  32^  to  waXer  at  32'.  fs^zsLS 
144^  B.t.u.  Hence  to  freeze  i  ton  of  water  ondcr  these  coointiGGS 
requires  2000  -^  144  =  288.000  B.t.u.  This  quantity  b  scmetzaes 
called  the  unit  of  refrigeration. 

The  cooling  effect  per  day  of  24  hoars  divided  by  the  ani:  C4 
refrigeration  gives  the  so-called  ict-mdiing  capaciiy  of  the  pianL 
The  number  of  tons  of  ice-melting  capacity  is  called  the  towui^e 
of  the  installation. 

Sometimes  the  ice-making  capacity  is  spcksn  of.  This  term  has 
no  definite  meaning,  for  in  any  given  plant  the  quantity  of  ice  that 
can  be  made  in  any  given  time  depends  upcxi  the  temperature  of 
the  water  to  be  frozen  and  upon  the  temperature  of  the  ice  Iea\ing 
the  cooler.  Assume,  for  instance,  that  the  water  has  a  tempera- 
ture at  60^,  and  that  the  ice  is  cooled  to  20^.  Taking  the  spedJk 
heat  of  ice  at  0.5.  this  would  mean  heat  removed  per  pound  of 
water  frozen  =  ^60  —  .32)  +  144  -|-  (0.5  X  ^32  —  20)}  =178  B.t-u. 
The  ice-making  capacity  is  therefore  only  {i|  =  80.6  per  cent  of 
the  ice -melting  capacity. 

A  secf>nrlar\'  standard  of  eccMiomy  also  sometimes  given  in  test 
rep^>rt5  is  the  amount  of  ice  made  per  poimd  of  fuel  used.  This  is 
not  definite  for  the  reasons  above  mentioned  and  also  because 
the  quality  of  the  coal  differs  from  plant  to  plant.  It  cannot, 
therefore,  be  used  as  a  general  standard  of  comparison,  and  applies 
only  to  the  plant  in  question. 

443.  Arrangements  for  Testing  of  Vi^mr-compressioii  Refriger- 
ating Machines,  t  —  .\s  in  the  case  of  a  steam  plant,  there  may  be 
a  number  of  <^bjects  in  \'iew  in  the  testing  of  a  refrigerating  plant. 
The  main  objects,  of  course,  generally  are  the  determination  of 

*  Diflerent  authorities  give  from  142  to  144  B.t.u.  for  this  figure. 

^  P  or  a  i.omplete  discussioQ  of  the  testing  of  an  absocpdoo  iiiai:hinr,  see  Trans. 

A  <.  M.E..  Vol.  X.  p.  792. 
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economy  and  capacUy;  but  there  are  a  number  of  secondary  test^ 
that  may  be  made,  such  as  for  the  efficiency  of  the  cooler,  the 
proper  operation  of  the  condenser,  the  action  of  the  valves  oi 
the  compressor,  the  efficiency  of  the  compressor  itself  apart  fron: 
the  rest  of  the  apparatus,  etc.  It  will  be  assumed  in  what  follows 
that  a  complete  test  for  capacity  and  economy  is  to  be  made. 

Each  compressor  refrigerating  plant  consists  of  several  very  dis- 
tinct parts,  on  each  of  which  certain  measurements  must  be  made 
These  are:  the  compressor  with  its  motive  p)ower,  the  condenser 
and  the  cooler  or  refrigerator. 

Compressor  and  Prime  Mover,  —  The  usual  source  of  motive 
power  for  the  compressor  is  a  steam  engine,  commonly  of  the  low- 
speed  type.  The  arrangements  necessary  for  the  determinatior 
of  the  power  developed  (I.H.P.)  are  fully  taken  up  in  Chap.  XVIII 
to  which  the  student  is  referred. 

The  work  done  by  the  compressor  (Compressor  H.P.)  is  deter 
mined  directly  by  means  of  indicator  cards.  The  indicators  musi 
be  of  special  make,  that  is,  of  steel,  since  brass,  the  metal  ordi 
narily  employed,  is  attacked  by  NH3.  The  indicator  connection! 
should  be  as  short  as  p>ossible,  to  reduce  clearance  space,  and  eaci 
indicator  should  be  fitted  with  a  special  quick-acting  valve.  Th< 
indicator  pistons  should  fit  fairly  tight,  to  prevent  the  escape  o 
the  disagreeable  gas,  but  of  course  they  must  not  be  so  tight  ai 
to  affect  the  accuracy  of  the  instrument.  The  driving  mechanisn 
used  for  the  indicator  depends  altogether  upon  the  type  of  machine 
the  points  made  in  Chap.  XV  also  governing  this  case. 

Other  readings  besides  power  determination  required  on  th< 
OQmpressor  are: 

(a)  Quantity  of  jacket  water,  if  a  cooling  jacket  is  used. 

(i)  Temperatures  of  jacket  water  in  and  out. 

(c)  Temperatures  of  NH3  vapor  just  ahead  of  the  suction  valve 
and  just  beyond  discharge  valve. 

(rf)  Pressure  of  NHj  vap)or  in  the  same  places  in  which  tempera 
tures  are  measured. 

(e)  Speed  of  compressor. 

(/)  Quantity  of  oil  fed  to  cylinder,  if  that  system  of  eliminating 
deaiance  is  used. 
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7  of  taking  readings  depends  upon  conditions, 
e  fairly  constant,  half-hour  readings  are  probably 
Where  this  is  not  the  case,  the  number  of  read- 
creased,  but  the  matter  must  be  left  to  the  judg- 
ing engineer. 

Ation  of  Results.  —  The  forms  on  pages  1034  and 
le  items  of  computation  for  a  complete  test.  The 
ows  average  pressures,  temperatures,  weights,  etc., 
observed  data;  the  second  contains  the  fuial  results, 
he  explanations  contained  in  previous  articles  in 
at  few  of  the  items  on  the  two  forms  need  any 
;nt  or  recapitulation. 

Compressor  horse-power  is  computed  from  the  com- 
tor  cards  in  exactly  the  same  way  as  I.H.P.  for  a 

to  (71).    See  Art.  440. 

Mechanical  efficiency  of  set  = 7^- 

Item  60 

Actual  coefficient  of  performance  =  z — .     See 

Item  64 

Coefficient  of  performance  of  set  =  z — 

Item  02 

Theoretical  coefficient  of  performance.    See  Art.  436. 

Efficiency  of  refrigeration  process  =  Actual  coeffi- 
ormance  -r  Ideal   coefficient  of   performance.      See 

Tonnage.    See  Art.  442. 

leat  Balance  for  the  Refrigeration  Process.  —  This 
iblished  by  following  the  refrigerating  agent  through 
[yde,  balancing  the  sum  of  all  the  amounts  of  heat 
e  agent  against  the  smn  of  the  amounts  of  heat  given 


1034  EXPERIMENTAL  ENGINEERING 

5IBLEY  COLLEGE.  CORNELL   CNI>"ERSm\ 

fiSi  i  ■•  Refrii^fraiin%  Plata  buiit  by .  Date 

AvESAUE  Data.  Obs£k\'ed  ok  CosiprTED. 

.    DuniLion  ui  te:it.  hours.                         ji.  Condeziaiig  water,  steam  engme, 

inict  

DimtHAttfHs^  VoiuwHs,  Eic.             32.  Coodeiuang  water,  steam  engine, 

outlet. .  

:.    L>iam.  Heam  cyL.  ia.. . .                          ^^  Condoiseti  steam. 

;.    Sinjke.  'leam  vyi..  in..                            j^.  Temp,  in  steam  calorimeter 

X.   i  Mam.  i^ision  roa,  steam  cyl.,  in.          j^.  Suction  temp.  XH,. 

=.    \rea  -team  » >  i..  ijead,  sq.  in.                  ;o.  Dbchange  lemp.  \Hj 

.    Area  :>team  '>i..  .rank.  sq.  in...             ^.-,  Ja^iet  water,  cumpresssor.  inlcl.. 

-  ;  ham.  ompressor  t^L  .\.  in.. .  .^j.  Jacket  water,  compressor,  outkt 
V  .  Mam.  ■  omprwsor  .  yi.  B,  in.  5^.  Condensing  water  XHj condenser. 
,.    ^'.rnKc.    ompresMior  i.yL  .V.  in. .  inlet 

c     -irMKc.    iMTipresbor.yl.  B.  in..               ^.  Condensing  water.  N'Ha  condenser. 

1     i'istoii    :i>piacen)ent.  cumpressut  outlet. 

>  t.    \.  I  u.  It.                                      ^j.  Tenxp.  ot  NH».  inlet  to  condenser. 

:     :Vi..ii    :^^p^aLement,  ^-ompresaur          ^.  Temp.  .Jt  NH,.  outlet  from  con- 

:■ '    i^.    -i-  "t.  lienser                      

::.    ;»*;im.     riiic  -mmp.  in.                            ^^  Temp,  of  brine,  inlet  to  cooler. . . 

■X-    -^r-Kc.    nut:  jmmp.  m                           .^  Temp,    ot     brine,    outlet    from 

;.    \\<.    J     '  >.    »rine  j>ump  cooler. 

:^«.ioii      :i>pUcement    f)er    cyL          45.  Temp.  .)i  XH;.  inlet  to  cooler"  . 

■nut  ..unn>.  ^  VI.  -l                              46.  Temp,  ot  XH,  outlet  from  cooler. 

4.7.  Temp,  oi   XH*,  in  front  of  e.x- 

<n-niiuvn^  f>tr  Mtnuie.  pansion  valve               

4^.  Temp,  ot  liquid  XH;  at  weigh- 

ing  svstem. ... 

*.         •':'pr«:>-!4jr.  ' 

IV'«\'«/5   1/  Waicr  ,ifui  XII:,  per  Hour 

40.  Weight  ot  ^.team. . . 

-  -J-  .1  ^!     -""r-ftun.*.  b>..                                50-  Weight  01  XH*  in  circulation  if 
:Uk  .    rt-^.   n  ^Leam  .  aiorimeter,  nacasurcd  directly 

{^                                                    51.  Weight  oi  jacket  water,  compr. 

■  ■  ^■•.•itn-s.T    .rr>-  .    ■  ll>:.                           5--  W'eight  oi  water.  XH*  coDtienser. 

;,:.  "i!c:«.r.      ;Il:                                      5 J*  W'eight    of     cundensim;     water. 

;.    ^-^    r'-Fi    irr-N.-.,  .Mrnprv>Hor,  lbs..  steam  engine. . . 

^       ■•-•.;.-.:•■   >r-^-.     -'mpresaor.  lbs.           54-  Weight  of  brine  in  circulation.. 
"*L.  ■.:•■■:   »r«. —  .   'niic  ;>ump,  lbs. 

■i«.  ■:..'-.;•     n---..   >niit' :mrap.  lbs.  Gerteral  Data. 

-  '"'--r..  ■•     ;    :...i'i  \llz  a   vei^h-  ,^    ...        .    ^ 

..  .-^u-n    b-                                     5-^-  Q»^i«ty  ^t  *team 

.  50.  Speobc  heat  of  brine 

^                             58.  Square  feet  of  N  Ha  condenser  <ur- 

:'..    l*.:::rrr:;;i  .:ir.  face 

•::.    K  -Hiiii.                                                       50.  Square  feet  of  cooler  surface. 
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Final  Results. 


ne. 


.  hour 

HIT..  . 


It  of  I.H.P. 
:   efficiency, 

cu.  ft 

^placement, 

•  «••••••«•• 

It  at  suction 

aratture 

troke,  lbs. . . 


77.  Total  heat  removed  from  each 

pound  of  NHj 

78.  Heat  removed  from  NHs  per  hr.. 

Cooler. 

79.  Weight  of  brine  per  hour. 

80.  Temperature  range  of  brine 

81.  B.t.u.  per  hour  from  brine 

82.  Heat  given  to  each  pK>und  of  NH« 

83.  B.t.u.  per  hour  to  NHj 

84.  Efficiency  of  cooler 

Brine  Pump. 

85.  Work  done  by  pump 

86.  Power  input  to  pump 

87.  Mechanical  efficiency 


aour,  IDS., 

88. 

General  Results. 

d  computed 

Mechanical  effidency  of  set ... . 

89. 
go. 

Actual  coefficient  of  performance 

et  water . . . 

Coefficient  of  performance  of  set 

ket  water . . 

91. 

Theoretical    coefficient   of   per- 
formance   

92. 

Effidency  of  refrigeration  process 

er. 

93. 

Tonnage 

94- 

Tonnage  per  pound  of  NHj .... 

xour 

95. 

Tonnage  per  steam  I.H.P 

5,  water. .  . . 

96. 

Tonnage  per  lb.  of  steam  used. 

condensing 

97. 

Gallons  of  condensing  water  per 
ton  of  refrigeration 

by  Agent  per  Hour. 

rom  brine  (=  Item  81). 

o    radiation    in    cooler 
-Item  81) 

0   radiation  in   piping, 
mpressor 

mt  of  compressor  I.H.P. 


B.t.u.     Per  cent  of  Total. 
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B.    Heai  Gioen  up  by  AgaU  per  Hamr.  B.ta.    Peraeita'] 

1.  Heat  removed  by  compressckr  jacket 

(=Itcm73; 

2.  Heat  radiated  from  pqxng  to  con- 

dense   

3.  Heat  removed  in  condenser  (^  Item 

77  X  lbs.  of  NE^  in  drcolatiaa 

per  hoar) 

4.  Heat  radiated  firom  pqping.  axide&- 

ser  to  fipgiwion  valve 

21=     


WMk.lN  4 


446.  ClassificatiaB.  —  The  broadest  dassificatkn  di\ides  all  hy- 
draulic machinery  into  tvD  dasses:  kxdramiic  muikws  and  pmmfis. 
Machines  belonging  to  the  lonncr  dass  are  piime  nx>veis  and  take 
energ>'  imparted  to  them  by  nater.  converdng  a  piait  of  it  into 
other  forms  oi  medumical  energ>\  Pmnps.  on  the  other  hand« 
impart  energy  to  nater,  being  operated  by  some  tj-pe  of  prime 
mover. 

Hydraulic  motors  aire  again  divided  into  the  following  dasses: 

{A)   Water-bucket  engines,  in  which  water  is  allowed  to  flow 

into  suspended  budgets,  whidi  in  their  descent  lift  wei^ts  and 

overcome  resistances.    This  type  is  practicaOy  ohscdete  and  will 

not  be  considered  further. 

(B)  Hydraulic  rams  and  jet  pimips,  in  which  the  ener^'  of  one 
mass  of  water  is  utilized  to  impart  energ>'  to  a  second  mass.  Those 
machines  may  also  be  locked  upon  as  pumps. 

(C)  Water-pressure  engines,  using  the  direct  pressure  of  water 
against  mo\ing  machine  members.  The  latter  may  be  either 
redprocating  or  rotar>\ 

(Z?)  Water  wheels,  with  horiz<xital  shaft,  in  which  the  water 
may  act  either  by  weight  or  by  impulse,  or  by  a  combination  of 
both.  This  class  indudes  both  the  old-fashioned  water  wheeb 
and  the  impulse  wheel. 

(£)  Turbines,  rotating  either  about  a  vertical  or  a  horizontal 
shaft,  in  which  the  water  acts  by  pressure  and  by  impulse. 

The  diflFerent  dasses  of  pmnps  correspond  broadly  to  the  different 
classes  of  water  motors,  with  the  mechanical  prindples  of  operation 
reversed.    Thus  the  redprocating  piunp  corresponds  to  the  water- 

*  For  a  genoal  study  of  this  wide  and  very  important  6dd.  the  student  b  rtlentd 
to  I.  P.  Church,  Hydraulic  Motors;  Bove>%  H>-draul]cs;  Merriman,  TttAtisie  on  H^xirau* 
lies;  F.  C.  Lea,  Hydnulics. 
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raste  valve,  acquiring  greater  and  greater  velocity, 
d  difference  between  the  under  and  upper  sides  of 
nes  sufficiently  great  to  close  the  valve  abruptly 
ion  of  gravity.  'The  sudden  closing  of  the  \'alve 
on  of  the  water  and  causes  a  rapid  rise  of  pressure 
lamber  SS  to  such  an  extent  as  to  lift  the  delivery 
the  resistance  acting  on  the  other  side.  A  portion 
us  passes  into  C,  comprising  the  air  in  it.  The 
ter  in  the  chamber  55  next  causes  the  pressure  to 
lat  the  delivery  valve  closes  and  the  waste  valve 
ich  the  operation  is  repeated.  While  the  water  in 
s  accumulating  velocity  for  the  next  operation,  the 
Is,  forcing  the  water  up  to  delivery  pipe  eD.  The 
airly  constant  if  a  large  enough  air  chamber  C  is 
keep  the  air  chamber  properly  filled  with  air,  a 
live,  not  shown  in  Fig.  598,  opening  inward  below 
/e,  is  provided,  through  which,  when  the  pressiu"e  on 
)elow  atmospheric,  a  small  quantity  of  air  is  drawn 
delivered  to  the  chamber  C  along  with  a  certain 
er  on  the  next  forcing  operation.  The  waste-valve 
xi  with  an  adjustment  at  6,  so  that  the  length  of 
dianged. 

^e  should  be  straight  and  as  free  from  friction  as 
1st  be  of  a  certain  minimimi  length  for  satisfactory 
igth  not  less  than  five  times  the  supply  head  is 

iency  of  the  Hydraulic  Ram.  —  In  Fig.  599  the  ram 
ipply  water  from  a  reservoir  i4  at  a  head  A,  above 
raste  valve,  and  delivers  a  part  of  it  into  a  reservoir 
above  the  level  of  the  valve.    Let  W,  =  weight  of 
own  the  supply  pipe  in  a  given  time,  W^,  =  the 
wasted  at  the  waste  valve,  and  Wj  =  weight  of 
There  are  two  methods  of  computing  the  efficiency 
first  considers  that  the  useful  work  consists  in 
Is  of  water  a  distance  h^  —  h^  above  the  level  of 
lie  useful  work,  therefore,  is  Wd  (ha  —  A,)   foot- 
considers  that  the  total  power  e^q^ended  to  do 


'j^^idiv%%i 


M^ 


JJi^Ii^  "'t\! 


tlxar  ^^fnrk  is  that  <ii2e  to  tim  watfE^  wsc&r  HT^  Ttiliny  "turm^n  m 
siippiy  head  ^  that  is^  W^Jt^    Fnnm  thK  ^pet 

mi'irnrv  =  -^ — ,^^  -. 

The  <irhfr  method  TtatEfl-  that:  the  tntaL 
and  that  the  uaefni  effrrt  is:  IF^^  ao  than 


rftHTTjv  rftfiffggtag:  :s  T,*!, 


WJi, 


The  tirst  eauatioii  tor  <^uimtM  is- 
and  is- the  one  OKJKty  used.    The 


Hum  i&< 


m  •  1   -ViHiiwi;4aii 


^1^^— ^J_-Ul  _!-■        _j^_    "*"— t  ^T"~ 


1^^-* 


-X'^'4'  ^ 


Tr. 


;.  -00.  —  3YDHAUI3C  Ram  \sd  Cts 


44)p.   Testmg  It  Hydzaniic  ibms*  —  A  te^  of  on  hydiaiiiic  -^ 

rci'iire:?  iit:  :oiIowing  ^bben^ations:    a)  sof^y  head.    6)    iisciEin 
head.    ;     va.::U:  vater.    'ij  crater  pumped,    ei  leflS^  oat  stroke   < 
spnii:^  -<-«^^nii:£;  ^i  vd<ie  '-aive  and  strokea^  per  nriimrr  tif  dais  vaiv 
liinenbionh    f  ^he  ram  and  defaib  as  to  length  ajad  comse 
supply  inct  iisrharge  pipes. 

•A'hen?  ^he  -uppiy   inci  'Ifsrhange  piegmes  aic-  :SbJL  the  be 
insmimeat  with  which  to  measoie 
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case,  however,  a  gauge  must  be  used  for  the  dis- 
anvert  the  head  in  poimds  to  feet,  and  add  the 
center  of  the  gauge  to  the  level  of  the  waste  valve, 
cated  above  the  ram,  as  it  usually  is.  Except  for 
>oth  waste  water  and  water  pumped  may  generally 
ed. 

at  variables  that  may  be  changed  in  the  operation 
the  supply  head,  (b)  the  discharge  head,  and  (c) 
itrokes  in  unit  time  of  the  waste  valve.    The  latter 
listed  by  changing  the  length  of  the  stroke  of  the 
the  tension  of  the  waste-valve  spring. 
;  series  of  tests  may  be  made: 
:ting  of  waste  valve  constant,  take  a  series  of  supply 
each  supply  head  change  the  discharge  head  by  a 
rom  a  minimum  to  the  maximum.    The  discharge 
sily  adjusted  by  putting  a  throttle  valve  above  the 
charge  pipe.    The  action  of  this  valve  is  equivalent 
>tracting  from  the  lift,  as  the  case  may  be. 
setting  of  the  supply  and  discharge  heads,  make  a 
(T  changing  the  setting  of  the  waste  valve, 
lid  last  about  one-half  hour.    The  form  on  page  1042 
to  be  recorded,        a 
tie  quantities  to 

,  plot  curves  for 
waste  valve  be- 
i  heads  h^  as 
le  following  ab- 
idty  in  gallons 
hours;  (b)  eflS- 
;  (c)  waste  water 

hours  (gallons).  ^^-  600. -Jet  Pump. 

EHunp.  —  The  principle  of  operation  of  the  jet  pump 

1  from  Fig.  600.    Water  under  pressure  is  supplied 
B  i4,  which  ends  in  the  nozzle  B  in  the  suction 

2  suction  produced  in  C  raises  the  water  through  D 
of  supply  E,  and  the  combined  streams  of  high- 


VM.--e^T.  />«». 
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limped  is  air.  Another  modification  is  the  steam 
Lap.  XX),  in  which  the  operating  fluid  is  steam  and 
d  is  water. 

zy  of  the  Jet  Pump.  —  Let  h  be  the  effective  head  in 
)ly  water,  A,  the  actual  suction  lift  to  the  center  of 
h^  the  actual  discharge  lift;  also  let  W  =  weight  of 
a  given  time  and  W,  the  weight  of  the  suction  water, 
/ailable  is  W  (h  —  h^  foot-pounds,  and  useful  work 
y  foot-pounds,  from  which 


Efficiency  =  H^A^+M. 
^       W{h-  hi) 


(3) 


-pressure  Engines. — Appliances  of  this  type  (hydrau- 
lydraulic  jacks  and  hoists,  etc.)  are  largely  used  where 
5  desirable  and  high  water  pressure  is  available.  The 
ally  obtained  by  means  of  steam  pimips  pumping  into 
)r. 

of  a  water-pressure  engine,  of  the  type  that  operates 
as  distinguished  from  that  which  operates  inter- 
i  the  hydraulic  jack  or  hoist,  is  very  much  the  same 
steam  engine,  except,  of  course,  that  the  fluid  is  used 
y.  The  admission  of  the  water  to  and  the  exit  from 
inder  may  be  controUed  by  slide  and  piston  valves 
he  steam  engine.  An  interesting  type  that  has  lately 
tion  for  small  powers  is  shown  in  sketch  in  Fig.  601. 


B 


^■fc*  ■1i>'b^   I 


1.32S2S 


SiSZISS^ 
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Fig.  601. — Water  Pressuiue  Engine. 

mting  hollow  piston  in  a  cylinder  B,  The  piston  is 
no  compartments  by  means  of  the  partition  C.  The 
I  valves  rigidly  connected  on  the  same  stem  are 
nd  the  two  exhaust  valves,  fastened  in  the  same  way, 
I.  The  stems  are  of  such  length  that  when  one  valve 
;eat  the  other  valve  on  the  same  stem  is  off  its  seat. 


£X?ERIMEXT.y.  ZNGIKEESXG 


The  -iiiton  iiui  "ioi  .Tjrfu  ire  joJow.     li  -«srfcr  .i  id 


:u»ji(i  Ttitr     'uy'r  inn  reaciies  lie  -iia  ^  jI  'Jie  rrzncn 


.^»  K        -^iSMtta 


■.vU'.'*?  f  ipf-n  mrt  uIow=  the  -vaxtr  m  thir  Tace  ti:;  zzrx-  :zii.  -z^: 
>i\vf:r  :r)mparrmfcnt  uui  io  itii  'iunuzh  *iie  ma  ^  j^  T^irr  "rr 
fJ>.Ton  ipprrjarhes  ^he  -ad  of  die  iirnke,  ^rinzE  il?  in  ±e  ~Tr-'T^ 
heaiii  \nme  : ntij  .omact  -vrtii  *iie  '"aire  -ti^na.  ire  i^: 


rheir  rft^ii ranee   j^'ercomes  ic  Tvaier  pressan?  aokncz  "iic  ~'-.-i 

ai^aiiut  *iie  -seals,  Triien  these  valves  iiE  tfaiDwa  jver  ma  'JZc  i^iJi 

^miut  commences. 

4ga»   Efficiency  of  Wster-^reasDie  Bngmes.*  —  In   iny   x:i:cr- 

prrrsure  ^^gine  A    Fig.  'ici'.  <:onscier  uie  atroke   3i    the  piscn  P 
~~''    ]"  from  left  to  nghr.     Lstz  /,  tn  -jlc 

eqiii\'aient  total  static  =uEpiy  zs^: 
in  feet  above  the  levei  i/V  li 
^lown  fn'  a  gauge  (J.  It  i^  ir- 
sumed  that  the   Ttutiun  is  sitw 


and  imiform  aminst  a  rp^gfancg  R, 


,%,     ._..     .-__ 

^ 

Fro.  'loa. 

The  unit  pressure  p^   pounds  per 
square  foot,  is  iomewhar  less  'jlu 


*:ie  prri=,-.'ir':  lue  "[o  f ,  ,n  accnunt  oi  entrance  iJises.  "^upnoi^i  :t  :j 
•>r*uai  :-i  i  ;ieaii  '/.  The  init  r^ressure  p^.  •>n  the  other  ?j«:e  i^ 
:omj:'.vhat  jrrraa^r  than  atmosphere  on  account  oi  :rfct:*:n  j^rr.- 
in  hi:  -xir.  -^upporit;  it  is  ^^qiuvaient  to  a  head  ''/^.  It  is  hrrt 
;is?viimi:f:  "nar  'ht-  -Tdt  -vater  iisrharges  into  the  air  at  the  levei  MS 
li  9.  =   iT.r.f.-.pntrrrc  presr.ure.  then 

7,  =  9.  —  '/.,  5,     and     p^  =  .^»  ~  ^^3. 

vintr-:    i  =  v.:iL^nr    m'    .ne   ::ibic  foot  of  water.     If  the  area  of  the 
■;i..«:>n  '.:.  F  .•/Lif't  rtrert.  .v#:  have  for  iteadv  motion 

.?  =  -F    9^  -  p,    =  Fo   //,  —  A^i  lbs.  i 

T!:t:r::"..r :  the  T.';rk  :<.njr  d«:t  -rtroke.  if  .'?  is  the  stroke  in  feet,  will  be 

lb 

RS  =  F^S  //,'—  //.J    ft. -lbs..  5 

•  -Tpft  r.  P  Oiurrh.  Hvdraulic  Motors. 
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and  if  II  "=  number  of  strokes  per  minute,  the  horse  power  devel(^)ed 
imder  the  conditions  assumed  will  be 

H.P.  =  F^i^^-^^> .  (5) 

FSn6  =  wdght  W,  of  water  used  per  minute.  Since  A.  is  the 
supply  head,  the  aN^ailable  energy  is  WJt,  foot-pounds  per  minute. 
The  hydraulic  efl5denc>'  of  the  engine  consequently  is 

P   _  FSSn  jh,'  -  h^  _  h^_-h4  ,  v 

*  WX  h.      '  ^'^ 

In  practice  it  would  be  difficult  to  determine  h^  and  h^  on  account 
of  pressure  fluctuations,  but  indicator  cards  may  be  taken  from 
both  ends  of  the  cylinder.  K  the  water  horse  power  thus  shown 
is  I.H.P..,  the  cylinder  efficiency  may  be  stated  to  be 

J?  _  LH.P.^  X  .V^,ooo  ,  V 

^^- wx  '  ^^^ 

and  if  the  piston  q)eed  is  v  feet  per  minute  (=  n5),  so  that  the 
actual  work  done  per  minute  is  Rv  foot-pounds,  the  total  efficiency 
will  be 

454.  Vertical  Water  Wheels.  —  This  includes  water  wheels  of 
the  old  type  and  impulse  wheels.  The  former  are  again  divided 
into  overshot  wheels,  breast  wheels,  and  undershot  wheels. 

455.  The  Overshot  Water  Wheel.  —  A  general  x-iew  of  one  of 
these  wheels,  explaining  the  action,  is  shown  in  Fig.  603.  The  water 
flows  from  a  head  race  A  into  buckets  aroimd  the  circumference 
of  the  wheel  and  is  discharged  near  the  bottom.  The  head  of  water 
at  the  top  must  be  such  as  to  give  the  falling  water  greater  velocity 
than  that  of  the  periphery  of  the  wheel.  In  practice  the  velocity 
of  the  water  is  from  9  to  12  feet  per  second,  that  of  the  wheel  from 
5  to  10  feet  per  second.  This  type  of  wheel  is  not  adapted  to  run 
in  back  water,  and  the  greatest  efficiency  for  any  given  head  will  be 
found  when  the  wheel  just  clears  the  water  in  the  tail  race. 

These  wheels  have  been  used  with  faUs  from  8  to  70  feet,  and 
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ddiveries  of  from  3  to  25  cubic  feet  per  secozMi. 
they  will  show  efficiencies  of  from  70  to  85  p^er  nerrt 


Thrv  ai»  l, 


Fid.  603. — OMasBOT  Watei  Wheex 


however,  practicalh'  obsoHete.  For  that  reason  no  derrvatioi 
work  and  effidenc3'  formulas  wiD  be  grv^en,  stating  mereh'  the  ii 
results.* 

The  water  acts  on  the  wheel  both  bj-  gra\itT  and  b}-  inxpa 
The  i>ower  derived  from  the  former  source  is  much  greater  lb 
that  froH:  the  latter.     Church  gives  the  following  relation: 

Power  due  !(•  weight  of  water 

=  L,  =  Qb  [As  +  ^^3]  ft.-Ibs.  per  sec 

Power  due  tc  impact 

=  L.  =  *^  lo  cosi  a  —  I i]  I'i  ft.-lbs.  per  sec.  : 

Tota!  theoretical  power  =    L^  -^  i»^  ft.-lbs.  per  sec  .] 

Tota!  enerij}  supplied  =  QBh  fl.-Ibb.  j)er  sec.  '] 

Theoretira:  efhriency  =  £  =     '^         *•  : 

(Joi* 

K.x    thi    siimihcana   o:  most  of  the  symbols  used,  see  the  dtt 

Vii>    'o«  mT'*.  ''Ou 

,  i^Sk    ?>f*   o:  water  supplied  per   second.  0  =   weight  j 
^..,\v   V;^  v  r   w.iter      rmrinp  the  period  that  the  bucket  is  passi 

-   v~  . .  ;^rniU  ivr  AC^  of  thr  books  mfntiimpfi  in  footnote,  p.  1037. 
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tical  head  hi,  the  average  weight  of  water  contained 
,e  fraction  ^  of  the  weight  when  full.    0  may  be  =  .5, 

jQtial  velocity  at  the  division  circle,  Ci  the  absolute 

i  jet,  a  the  angle  included  between  them. 


ic.  604.  Fig.  605.  — Bseast  Water  Wheel. 

treast  Wheel.  —  Fig.  605  gives  a  general  view  of  this 
.  The  water  may  be  supplied  by  an  overfall  weir  or 
ce  weir  having  a  gate,  as  in  Fig.  605.  The  apron  of 
E  should  fit  the  circumference  of  the  buckets  closely 
irevent  the  loss  of  water.  The  buckets  may  be  radial 
kward  to  prevent  losses  on  leaving  the  back  water, 
have  been  used  in  falls  from  5  to  15  feet  with  water 
n  5  to  80  cubic  feet  per  second. 
)f  the  breast  wheel  is  due  to  impact  and  gravity,  as 
he  overshot  wheel,  and  essentially  the  same  formulas 
rtal  theoretical  power  may  be  expressed  by 

Q5  p.  cos  «  -  V.)  ^  ^^J  j^  jj^^  ^^  ^  ^  ^^  ^j 

ymbols  are  the  same  as  for  the  previous  article.  If 
the  total  head  from  the  surface  of  the  water  in  the 

hat  in  the  tail  race,  and  h,  is  the  vertical  distance 

:e  of  head  water  to  the  point  of  impact  on  the  float. 

The  value  of  j3  depends  upon  how  closely  the  apron 
it  may  be  as  high  as  .9  when  the  fit  is  very  close. 


Bxa 


OJ'l'HryFi^TtL  I 


'   £  =  -^. 
QSk 

The  actual  effidsicy  ^imiid  langE  Oqih.  t^j  ta  75  per  emr,. 

4ff7.  The  Omfarafaot  WhvcL  —  See  F%.  6aa  Bic  3.  j 
nf  an  ondeishut  wheel.  These  ivheda  take  and  reject  ::hi*  vx 
at  about  the  aame  leveL  Tbs  waCff  alters  the  gnnie  it  3.  ccra 
veloacy  ihie  to  ii3  hesii  to  the  mrJ^'Ti'  of  ""fr^  head.  Wats'  Ttrf  Ja- 


it  with  a  velocity  about  tibat  of  tlie  t^  of  the  Soots..    The  poi 
deveic^>ed  19  ahnost  wholly  dne  to  nnpacL 

The  equatinns  for  this  wheel  are  as  follows:*  Let  Q'  =  cubic  i 
ot  water  per  ^comi  actually  siffering  impact,  Q  =  totaJ  aom] 
of  cubic  feet  per  second  delivered  through  the  gate,  k  the  s:x^ 
head  in  feet.  Lind  z  the  velocity  of  the  center  of  the  float  i  see  Fia.  «: 
Then  ance  impact  is  the  unly  agency  at  wort,  equation  1  ti  .  p.  re 
applies,  iind  remembering  that  a  =  a  f'ance  c  and  n  are  in  the  sa 
direction  J,  we  know  that  the  total  theoretical  powff  is 

L  =  '-—  i  t  —  a)  3  ft.-lbs.  per  ^ex:.  i 


In  this  '^a.se.  ■:  la  theoretically  equal  to  'v  2  gA.  It  can  be  shown  tl 
L  r:r  a  rtiimmum  when  a  =  |  c.  but  that  even  thm  it  equals  a 
half  the  kinetic  i^nergy  available  in  the  water  originally.  The 
tore,  even  if  Q'  =  Q.  the  theoretical  efficiency 


QSh 
'  See  Church.  Hydraolic  Mo&kk 
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could  not  exceed  50  per  cent.  In  actual  practice,  the  actual  effi- 
ciency is  from  25  to  33  per  cent. 

The  PoHcekt  wheel  is  a  modification  of  the  undershot  wheel  in 
which  the  floats  are  concave  toward  the  entering  water.  This 
increases  the  power  to  some  extent,  so  that  actual  efficiencies  of 
68  per  cent  have  been  reached. 

458.  The  Impulse  Wheel  or  Tsngendal  Water  Wheel.  —  In  this 
class  of  hydraulic  motors  one  or  more  jets  of  water  are  made  to 
impinge  upon  buckets  fastened  to  the  circumference  of  a  wheel  as 
they  are  successively  brought  into  position  by  rotation.  This  class 
is  very  efficient  for  high  heads  of  supply  and  small  quantities  of 
water. 

The  best-known  impulse  wheels  are  the  Pelton,  the  Doble,  and 
the  Le&el  (Cascade).*    In  all  these  wheels  the  buckets  are  char- 


FIc.  608. —  Running  Pa«ts  or 


acterized  by  a  dividing'  ridge  or  midriff,  as  shown  in  Fig.  6o8,t  which 
shows  the  running  parts  of  a  small  Doble  wheel.  The  tip  A  pro- 
jecting from  the  nozzle  B  is  the  needleregulating  valve.  A  small 
laboratory  motor  complete  (one  side  of  the  case  glass)  is  shown  in 
Fig.  609. 
Since  most  of  the  wheels  have  curved  vanes  or  buckets,  this  will 

*  There  b  one  other  different  type  of  impulse  wheel  (more  strictly  a  turbiDe),  the    - 
'  Snrd,  for  the  theory  of  which  the  student  is  referred  to  books  on  Hydraulics. 
t  Both  thn  and  the  foUowiog  figure  are  fnun  the  catalogue  ol  the  cwnpaiiy. 
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Fig.  609.  —  DoBLE  Ikpulse  Water  Wheel. 

be  the  only  case  considered.  Fig.  610  shows  a  cross  section  of  one 
of  these  buckets,  moving  to  the  right  with  the  velocity  r,  while  the 
impinging  stream  has  the  velocity  »i,  greater  than  v.  The  relative 
velocity  of  the  particles  of  water  leaving  the  bucket  at  A  or  B 


■^O 


Fig.  610. 


neglecting  hydraulic  friction  losses y  is  Vi  —  v  =  vr    in  a   dircctioi 

of  the  tangent  to  the  bucket  element  at  A  or  B.     The  absoluit 

velocity  vz  of  the  particle  leaving  the  bucket  at  A  is  e\-identl] 

the  resultant  of  v  and  vr^  in  a  direction  indicated  by  r^.     Tb 

component  of  the  absolute  velocity  in  the  direction  of  the  axi 

TZ)  is  AF,  which  is  equal   to  v  —  vr  cosS  =  v  —  (pi  —  v)  co6i 

e  change  in  the  absolute  velocity  of  a  small  mass  Alf  of  wati 

he  direction  of  the  axis  CD  consequentiy  is  Vi  — b— (Pi~r)  cos  1 

Vi  -v)  (i  +  cos^). 
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iie  velocity  in  the  direction  of  the  axis  has  been 
;  must  have  been  a  negative  acceleration  in  the  time 

r  1   .       ^        (fl  —  V)  (l  +  COSg)       c- 

tion  of  »i,  equal  to  /»  =  -^--^^ ^ ^  •    Smce 

Jso  equal  to  77 —  =  — »  we  may  then  write 

Mass      M 

J  exerted  on  the  bucket  by  the  small  mass  of  water 
le  bucket  in  the  time  A/  is 

p^^j,^{?lJZJ^lL±cos_^j^^  (,o) 

A/  ^     ^ 

Uf  =  *^  A/,  in  which  O'  is  the  volume  in  cubic  feet 
g 

ing  the  bucket  in  the  time  A/,  and  5  is  the  density  of 
oimds  per  square  foot.    Hence 

P  =  2!^  (Z;i  -  t,)  (l  +  cos  e),  (21) 

i 

jtical  power  developed  by  this  force  will  be 

Po  =  *^  (»i  —  »)  (i  +  cos  6)  V  ft.-lbs.  per  sec.       (22) 
g 

ere  Q'  is  not  the  amount  of  water  issuing  from  the 
y  that  striking  the  bucket  per  second.  That  is,  if  F 
:tion  of  the  nozzle,  Q'=  F  {vi  —  v),  while  the  water 
e  nozzle  would  be  Q  =  Fvi,  But  if  a  series  of  buckets 
IS  is  of  course  the  case  in  an  actual  wheel,  the  pro- 
sed will  increase,  and  finally  we  may  put  Q^  =  Q, 
en  value  of  v,  the  value  of  L  is  a  maximum  when 
I  case  cos  ^  =  1.0,  and 

L  =  -^  (vi  —  v)v  ft.-lbs.  (23) 

g 

e  value  of  v  for  which  this  will  be  a  maximum,  put 


3-  *i    !  X>l!IL^ii«.X^r  k.^0  2    4 


~^      ib  Tr  —  r  1  ^  X,  jmni  'sSbc^  i  =  -^  -     TW 


wesdit  lit  ^ax£r  per  ^tftimaf.  mnit^dnfi^  3^  5^  iiuL.  "=  ^€ic.  ii  v^ 
t2F  total  <aiEZZT  a^ananntpi  iiiS7^ 


It  —  J-      I—  C»f*  7 


E..i -^ 

_    Ot  ~  J'  ■  r  ^  QK  f^  7 


T 


thexL  rememijering  that  Tt  =  "^  2  ^ 

t^  =  — =  - 


In  pnctic':;.  ;r  rjur^e.  tins  -^ficieicv  5  aev^*  r?acfied.  -in  iccju 
ot  jj^^sts  :utr  t.  imperftrd  z^iiiiance.  frictiaiL  etc..  inii  die  faiit  ti: 
i  cannot  ^*:il  be  mutie  ^Tntti^/  zero.  The  jczmd  ir  ^rasj  i^fici^n 
A  'iit:  whtrtri  uni  3ozzie  in  iny  rise  ]s.  i  W  is  :iie  :cx)t-p«:uiii2^ 
^'.n-i  :i;Q»:   :y  "Jie  ^iietri  per  ^ecuntL  as  ieremined  by  Prony  bn 

Tht  icrjLil  -!r«  Tendei  n  diese  TOeeis  range  iruiii  7c  to  -30  per  cej 
460.    Turbines.  —  «7biin:h  iennes  a  turbine  in  general  as  foDo^) 

A  '\'m:*-t  nict  ,r   ron^i^dng  :ji  x  3unic»«'  ^li  ^HBsrt  curved  pipes  : 

in  i  r.TiZ  i::acht:*i  rigidly  to  a  shaft  upon  wixidi  it  revolves,  a 

r*r«:^!'in:i:  vatrr  xt  ilL  parts  of  its 

jXh^r  ind  iie*i  pipes  or  pa;55ageways. 
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Broadly,  all  water  turbines  are  divided  into  two  classes: 

Impulse  Turbines  and  Reaction  Turbines.  —  In  the  first  class  all 
of  the  available  head  is  converted  into  velocity  before  the  water 
strikes  the  vanes.  The  pressure  in  the  water  remains  constant 
during  the  passage  through  the  wheel;  air  must,  therefore,  have 
free  access  to  the  passages,  and  the  latter  must  not  be  completely 
full  of  water.  It  is,  therefore,  necessary  that  this  turbine  discharge 
into  free  air.  The  power  of  this  turbine  is  due  to  the  change  in 
kinetic  energy  in  the  water. 

In  the  reaction  turbine,  only  a  part  of  the  head  is  converted  into 
velocity  before  the  water  enters  the  wheel,  and  both  pressure  and 
velocity  act  on  the  vane.  The  passages  must,  therefore,  be  kept 
full  of  water.  For  this  reason  this  turbine  is  often  placed  below 
the  level  of  back  water.  The  power  is  due  to  changes  in  kinetic 
energy  and  changes  in  pressure. 

Turbines  are  also  classified  according  to  the  direction  of  flow  of 
the  water,  and  we  distingiiish: 

(a)  Radial  outward-flow  turbines,  in  which  the  water  flows 
generally  at  right  angles  to  the  shaft  and  is  directed  away  from  the 
shaft.  In  this  case,  the  guide  blades  are  placed  within  the  wheel 
and  the  latter  receives  the  water  at  the  inner  circumference. 

(b)  Radial  inward-flow  turbines,  in  which  the  water  flows  at 
right  angles  to  the  shaft,  but  the  guide  vanes  are  placed  around  the 
outer  circumference  of  the  wheel,  the  water  flowing  toward  the  shaft. 

(c)  Axial-  or  parallel-flow  turbines,  in  which  the  path  of  a  pai:ticle 
of  water  lies  practically  on  the  surface  of  a  cylinder  whose  axis  is 
that  of  the  shaft;  that  is,  the  distance  of  the  particle  from  the  center 
of  the  shaft  is  constant. 

(d)  Mixed-flow  turbines,  in  which  the  path  of  a  particle  of  water 
is  changed  from  radial  inward  flow  at  entrance  to  axial  as  the 
particle  passes  through  the  wheel. 

In  order  to  aid  in  understanding  the  action  of  the  reaction  tur- 
bines (the  principal  one  to  be  considered),  two  fundamental  prin- 
ciples should  first  be  dealt  with:  the  action  of  a  stream  upon  a 
rotating  vane,  and  the  general  case  of  amoimt  of  power  developed 
by  a  turbine.* 

*  Hoskins'  method  of  treatment  is  followed;  see  Hoskins,  Textbook  on  Hydraulics. 
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A  B,  f\g,  6t  r .  M  a  vane  muthuf  about  die  center  C 
angular  vdodty  c#.    The  vane  necexves  a  fflreaxn  at  B 
at  ii*    Let  the  absolute  velod^  of  die  rnterfng 


1.  iniiftr: 

■tfefhara 
be  7:,  til 


Fro.  6ir. 

rr|;irivr  vclDfity  rrclative  to  the  vane)  be  Wi,  and  the  velocity 
H  ?il>o(it  (   })('.  w,.     At  A  J  let  the  relative  velocity  (tangent  to  tJ 
l;ist  viixw  cU^rnvnt)  he  W2,  the  velocity  about  C  be  «i,  and  the  abs< 
lute  vclority  fresultant  of  u^  and  w^)  be  P2. 

Ihr  angular  momentum  of  a  particle  of  water  of  mass  AM  \ 
li  In  AAfviRi  cosau  in  which  Ri  is  the  radius  CB,  and  ai  is  tJ 
an^le  between  Vi  and  Ui,    Similarly,  the  angular  momentuin  of  t] 
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is  Alf  at  A  is  ^MvtR2  cos  as,  in  which  Rt  is  the 
oes  the  angle  between  v%  and  u^. 
:  the  vane,  therefore,  causes  a  change  in  the  angular 
al  to 

AAf  {v\Ri  cos  ai  —  VtR2  cos  aj).  (28) 

weight  of  water  striking  the  vane  per  second,  the 

W 
I  will  be — »  and  the  change  of  angular  momentum 

w 

{viRi  cos  ai  —  t^i?2  COS  oj).  (29) 

wn  that  this  is  also  the  total  momefU*  of  the  forces 
e  water  upon  the  vane.  If  there  is  a  constant  sue- 
;e  vanes,  the  weight  W  becomes  equal  to  the  weight 
le  wheel  per  second,  and  hence  the 

W 
tal  moment  =  —  (viRi  cos  ai  —  V2R2  cos  aj).         (30) 

g 

f  or  work  is  equal  to  moment  times  angular  velocity. 
=  angular  velocity,  the  energy  received  by  the  wheel 
wall  be 

L  =  —  {^\Ry  cos  ai  —  ViRi  cos  as).  (31) 

g 

this  expression  for  work,  put  v^  cos  as  =  ^s,  and 
These  are  the  compooents  tangentially  to  the  wheel 
t  velocities  Vi  and  %  respectively,  and  are  sometimes 
;s  of  whirl  (see  Fig.  611).  Also,  i?2w  =  Ws  =  velocity 
)oint  A  about  center  C,  and  J?i«  =  U\,  We  may  then 
jceived  per  second 

W 

L=  —  {uiSi  —  U2S2)  ft.-lbs.  (32) 

g 

e  to  this,  Hoskins  makes  the  following  statement:  Since  the  total 
!ntum  of  a  particle  per  second  is  equal  to  the  average  value  of  the 
he  particle,  it  follows,  by  taking  moments  about  any  axis,  that  the 
the  moment  of  momentum  ( =  angular  momentum)  per  second  is 
e  value  of  the  moment  of  the  force. 


ios6 


EXPERIMENTAL  EN<HNE] 


463.  The  Radial  Ootward-fiow  Utmetkm 

shows  &  vertical  cross  secdoa  and  a  p\aa 

turijine,  w 

1  example  o 

"  sketch  of  I 

Fig.  6 13. 


).  — Radial  Octward- 

VLDW       RkACTtON      TUKBINE 

fF<JCWiEY«oi»). 


bay  //  enters  the  penstock  F. 
At  the  lower  end  of  the  pen- 
stock it  enters  the  guide 
passages  ng,  in  which  its  di- 
rection of  motion  is  changed 
to  the  horizontal  and  with 
the  direction  of  motion  of 
the  wheel  W  to  avoid  shock. 
The  wheel  passages  are  in- 
dicatc<i  at  g'g'.  The  ar- 
rangement for  controlling 
the  quantity  of  water  flow- 
ing, that  is,  the  gate,  is  not 
shown  in  the  sketch.  Fig.  613,  however, 
doing  it  (gates  at  CC). 

'  Church,  Hydraulic  Moton,  ] 


Fic.  613.  - 
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463.  Power  and  Eflkiencj  of  the  Radial  Ontwaxd-flow  ReadioQ 
Turbme.  —  Let  Q  be  the  cubic  feet  of  water  ddi\*efed  to  the  ^iiied 
per  second,  6  =  deiisit>*  of  the  water,  and  h  be  the  total  head  from 
the  level  in  the  head  bay  to  the  lex'el  at  which  the  turbine  dis- 
charges (see  Fig.  613),  assuming  that  the  discharge  is  into  air. 

Then  the  weight  of  water  siq^ed  per  second  is  Q6  pounds,  and 
the  total  a\*ailable  energ>'  is  Q6k  foot-pounds  per  second. 

According  to  the  previous  paragraph,  the  actual  energy  received 
by  the  wheel  from  the  water  is 

L=  —  iuiSi  —  iisSs)  ft.-lbs.  per  sec.,  (33) 

6 

so  that  the  actual  hvdraulic  effidencv  is 

^     (^h  Wh  gk  ^^^ 

In  this  equation,  the  values  of  g,  A,  its.  and  iii  are  known,  but 
^1  and  5s  must  be  determined.  The  value  of  Si  depends  upon  the 
absolute  velocity  ri  (see  Fig.  611)  with  which  the  water  leaves  the 
guide  passage,  which  in  turn  is  a  function  of  the  quantity  Q  of  water 
flowing  and  the  total  cross  section  of  the  streams  Fi  measured 
normal  to  the  direction  of  ri.  St  depends  upon  ?5,  which  is  the 
resultant  of  Wi  and  th  (see  Fig.  611).  u^  in  turn  depends  upon  Q 
and  the  total  cross  section  Fj  of  the  streams  lea\ing  the  wheel. 
F2  is  measured  normal  to  the  direction  of  u^.  Without  entering 
into  the  derivation  of  the  transformed  equation,  the  final  form  is 

Hydrauhc  Emaenc>'  £*  = -^      (35) 

s 

in  which  ai  and  oj  are  the  angles  indicated  in  Fig.  611,  Vi  is  the 

absolute  velocity  of  the  water  entering  the  wheel,  Ui  is  the  velocity 

jf 
of  the  inner  end  of  the  vane  about  the  center  of  the  wheel,  c  =  -j,-' 

p 
and  c'  ^—'    All  of  these  quantities  may  now  be  determined  if 

Q  and  the  dimensions  of  the  wheel  are  known,  by  constructing  a 
diagram  like  Fig.  611. 
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eter,  the  pressure,  in  feet,  at  the  top  of  the  draft  tube 
i  feet.  The  tube  cannot  be  longer  than  34  feet  to  the 
ack  bay,  or  else  the  pressure  at  the  top  becomes  nega- 
tube  will  not  remain  full.  In  practice,  25  feet  cannot 
ceeded.  As  far  as  the  effect  upon  the  turbine  is  con- 
je  of  the  tube  does  not  affect  the  head  A  to  be  used  for 
^able  energy  supplied.  As  before,  this  is  equal  to 
>etween  levels  of  head  and  back  bays. 
T  end  of  the  draft  tube  have  a  gradually  enlarging 
1  be  shown  that  there  is  a  saving  in  energy,*  so  that 
indes  may  be  increased  2  or  3  per  cent.  Such  an 
nown  as  a  diffuser. 

I  Inward-flow,  Parallel-flow,  and  Mixed-flow  Reac- 
.  —  One  type  of  the  radial  inward-flow  turbine  is  the 
ler  is  the  Thompson  Vortex  wheel.    The  best-known 
he  parallel-flow  is  probably  the  Jonval,  while  most 
)ines  are  mixed-  (inward  and  downward)  flow  turbines, 
hows  a  Francis  turbine.    The  wheel  is  supported  by 
ng  above  the  staging  5.    The  casting  C  acts  as  a 
cylindrical  gate  F  and  also  carries  the  wheel  bearing 
T  flows  as  shown  by  the  arrows,  being  first  directed 
assages  against  the  wheel  vanes,  flows  radially  through 
»s,  and  then  down  and  out  of  the  turbine.    The  work, 
one  while  the  water  is  flowing  radially.    This  type 
ometimes  called  cenler-vent  turbine.    It  may  be  sub- 
charge  above  the  level  of  the  back  bay  into  a  draft 

son  vortex  turbine  differs  from  the  foregoing  in  the 
itroUing  the  quantity  of  water  and  in  some  details 
^heel-blade  design.J 

e  of  the  Jonval  turbine  is  illustrated  in  Fig.  615,  and 
a  double  vertical  turbine  of  the  type  discharging  into 
In  Fig.  615  the  water  is  received  by  the  guide  passages 

*  See  Church,  Hydraulic  Motors,  p.  127. 
•  t  Lea,  Hydraulics,  p.  320. 
{  See  Lea,  Hydraulics,  pp.  323  to  326. 
II  Church,  Hydraulic  Motors,  p.  123. 
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or  HouzoNTAL  Parallel-plow  Reaction  Tuebines,  i 
Dun  Tdbes  (Jonval). 


1  OF  A  Mked-flow      Fio.  6i8.  — Mixed-plow  Reaction 
Tdbbine.  Turbine  (Risdon-Alcott). 

ine.  The  wheel  or  runner  clearly  shows  how  the 
from  radially  inward  to  vertically  downward.  In 
le  cylindrical  gate  which  is  moved  up  or  down  by 
n,  canyiag  with  it  the  extension  pieces  D  between 
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■  he  pxint  iia<i£S  3.  ?!er,c!r  D  rnitn  "je  i 
rhe   ^iiitU;    uiannKa    ir    un'  instliiii    si  ■■. 

jfiS-  toiler  and  B^>itaauUc  mBinw.n'y  , 
PttiBlId-SDW,  and  SExBd-fibw  ^fa*fft<-iM  1 
rvty-ml  'he  ^nne  u  :tiis  innk  5o  .ana!  jiTi 
.«oii  It  "ht  'iwir^  if  -juae  mrhines-.  F>i 
lift  .-cfemifi  -n  vuOn  ■ta  ^anuiiira  ind  E 
;nain  ■.rinasn  aere  is  to  ^atahiisfl  iiiKitK! 
for    fimparison  -mh.  jciuai  etfidtffidps  ibi: 

V-tjoriir,'  liai^nuna  nay  ^e  trawa  :nr  a 
wheel,  jmilar  Zi>  'he  one  oudined  in  Fie 
3iti:r  ijoiiu;  'hiriugh  ,t.  'iunoiutzanim.  iik^  d 
rhat  ^iie  inai  iormuia^  liieze  ieveiapetL  ^ 
rjaft  It  'lie  irher  Tpfptiv.  cfaat  is.  die  ■; 
Irfdniidic  ■•■jicieTKy  ixe  piacticailv  tlie  ianu 
rht:   iiani^.  uici  ^ipprrmmatiuiis  in  the  'i 

aency  rnmiiua,  note  arM  that  c  =  —  \s  t 
flow,  uid  :s  Less  'Jian  r.a  in  ^e  inwani-  j 
hwiiu.'.+:  ^.  ;=  liwayi  the  rulius  at  !±e  : 

I'ltii:'".  -".r-'ind.  *he  iormuiai  ■vere  ■ieri''^ 
,■?,  iT,!!  ,?v  !.rf.  .-.iiitant.  En  the  ixiai-dow 
Tit:,  j'it  I  :;iir  ipprnxiniatioii  iii  ptisafaie. 
'iir.t:.  Tiw.-r'-tr.  ".."t:  lUtdow  raiiiui  '-'aries  ^ 
it.  .-.  '.(.t  ■.■L..y  '•,  lercrmine  i  rair  '.'Ojue  foi 
4.66.    The  Testniij  of  Water  Motors.  — 

;.;;.;.!;■  in:  ".n^:  ;?:ri:rmuiiiti(in  .)i  -mcienc 
v,r:.:.-.:-.i  s.'i'-.-i  li  ipt^mtiun.  T'^ta  >ire  n 
.r^-.i'i. :■.;,'   ;i::':r':r.'    iuiiri'in.-:  j[  rac  j:itt~  "o 

v.,T':''  .  ;:---:rTr.;r.i:  "ir:::*!'*!!  jf ';aii:icnir.' , 
.,-.  :■....;■:'-■  .-.  '.■•:'-.:r  :;jpr.-ii'-i.  T-^ts  may 
.v,'i   .■■.•:  ■•'.'■'.'  -"■■  il  ":i.r.<i\iS -am^is. 

.:  ;.  .-.-.    :-.^.-;-:nj  ■hut  may  ^le  luuit 

,r    ■::.  I'Tiii.y   inii   .a,pLic:t],"  xith  i 
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one  ^)eed  are  often  simply  tests  to  determine  whether  manufac- 
turers' guarantees  are  met.  To  bring  out  the  full  characteristics 
of  a  given  wheel,  however,  a  series  of  such  tests  at  different  q>eeds 
is  desirable. 

The  test  of  any  tjpe  of  water  motor  calls  for  the  determination 
of  the  following  items: 

A,  \'olume  or  weight  of  water  used  in  a  given  time. 

B,  The  head  through  which  the  supply  acts. 
C   The  power  developed. 

D.  Speed  of  operation  and  gate  opening  (the  latter  of  course 
applies  only  to  turbines). 

(.4)  V olume  or  Weight  of  Water  Supplied,— Thtmt^odsolAetGT' 
mining  the  water  supplied  for  a  large  wheel  practically  narrow  down 
to  a  weir  or  current  meter  measurements  in  the  tail  race  and  to  Pitot 
tube  readings,  if  the  conduit  is  closed.  For  the  necessary  precautions 
to  be  observed  in  these  measiurements  and  the  method  of  comput- 
ing the  flow,  see  Chap.  XII.  See  also  the  apron  method  of  meas- 
lu'ement  in  the  same  chapter.  Measiurement  in  head  bays,  if  of 
regular  construction,  may  be  made  by  means  of  current  meters  and 
Pitot  tubes. 

For  small  wheels,  the  water  supplied  may  often  be  measured  at 
the  inlet  as  well  as  at  the  outlet.  Small  flows  may  be  caught  in 
tanks  and  actually  weighed.  Somewhat  larger  flows  may  be  deter- 
mined in  weir  boxes.  This  is  a  good  method  in  laboratory'  inves- 
tigations. If  the  water  is  delivered  to  the  wheel  in  a  closed  pipe, 
water  meters,  Venturi  tubes,  and  Pitot  tubes  (see  Chap.  XII)  be- 
come available.  If  the  water  is  supplied  through  a  nozzle,  as  in 
the  Pelton  or  Doble  wheels,  the  discharge  from  the  nozzle  ( =  water 
supplied  to  the  wheel)  may  be  found  from  the  discharge  coeflSdent 
of  the  nozzle  and  the  pressure  on  the  nozzle. 

For  txurbines  which  are  set  in  a  penstock,  the  leakage  of  the  pen- 
stock should  be  determined  and  allowed  for,  if  the  measurement  of 
water  supply  is  made  by  some  means  in  the  head  bay. 

{B)  The  Supply  Head.  —  This  may  be  determined  either  directly 
by  measuring  the  vertical  distance  between  surfaces  of  water  in  head 
and  back  bay,  or  indirectly  by  means  of  pressiure  gauges. 

The  first  method  is  used  where  the  heads  are  not  great  and  where 
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a.  datum  plane  oi  meatsawssnexst  may  be  -aslj  ^^rahtPHTPrr  I2 
heart  v^  meaHurert  ^iliouiit  be  t::orcectied  5or  josa  11  Jfaa  ic  *nTnr?f^ 
to  penHtridt  and  Umw  due  Co  nicnan  in  pexHodu  no  jive  :ae  ^fS^rir* 
heart  /r  on  the  turbine.  These  losses  are  ace  ^mptsrjj  -jijirnntf 
to  the  mrhine  aii  a  machioe.  hi  pcnpexiv  deigned 
thew*  losses  ^ihoulrt  he  imalL 

When  the  water  enters  the  mrbme  tfamugh  a  pipr   a 
gauge  may  he  placed  m  the  {ape  near  the  turbme  uo  rezi 


pri»*>«irft  head.  To  this  pressure  heart,  reduced  to  qecl.  sns:  le 
^dded  the.  vdodty  head  in  the  pipe  at  the  potor  where  :ac  ^iiic 
pressure  m  measured.  The  3um  gives  the  head  <hi  tiie  rixnune  ii 
that  point.  To  obtain  the  eSecxive  heart  A.  add  to  this  the  vprioi 
distance  from  the  center  of  the  gauge  to  the  level  of  the  waier  in  "ic 
tail  race.  That  is.  if  ^  is  the  pres»xre  registered  hy  the  suxo.  7 
is  the  veincJty  in  the  pipe  as  computed  firooL  quantity  Sowinz  ind 
cross  section,  and  hf  is  the  diftfanre  from  gauge  to  tafl  race,  rne 
effective  head  will  be 


V     0  2  i?^         / 


in  which  n  -  weight  of  one  cubic  foot  of  water. 

In  impulse!  wheels,  like  Jie  Pelton  or  Doble.  the  head  k  is  deter- 
miner! hy  the  name  efjuation,  except  that  here  k^  is  the  distance  in 
fefrt  from  the  renter  of  the  gauge  to  the  center  of  the  nozzle. 

fn  either  r^.-.e  the  sum   of  (    "^  ^  -|»  -^ )  might  have  been  found 

directly  by  using  an  impact  tube,  instead  of  static  pressure  tube. 
U)  determine  thrt  tf;tal  pressure  in  the  pipe. 

^Cj  The,  Pmi'er  Dtrceloped.  —  Equations  for  theoretical  power 
devf:lopefl  have  been  given  in  previous  articles.  In  the  actual  case 
th(!  powftr  developed  is  best  determined  by  some  form  of  absorption 
dynamr^meter.  like  tJie  Prony  or  fluid  friction  brake  (see  Chap.  X). 
If  the  turbine  is  direct-connected  to  an  electric  generator,  the  out- 
put of  the-  ;renerator  corrected  for  efficiency  may  be  taken  to  be  the 
power  r|(!vel(jped  by  the  wheel.  Where  neither  of  these  methods 
o'tn  be  usefl.  and  a  sufficiently  long  length  of  shaft  is  available,  some 
typfi  of  torsion  meter  fsee  Qiap.  X)  may  possibly  find  a|^lication. 
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(D'^  Speed  and  Gate  Openimg,  —  In  high-speed  wheels,  the  re\xJu- 
lions  should  be  detennined  by  some  form  of  indicating  or  recording 
countCT.  For  slow-speed  wheels  the  ordinarj"  counter  may  be  used« 
although,  since  the  power  de\'eloped  is  a  direct  function  of  the  speed, 
it  is  desirable  in  any  case  to  have  recording  deNices  in  order  to 
determine  the  rex'olutions  as  accurately  as  pK>ssibIe. 

In  turbines  it  is  necessary-  to  have  the  gate-control  arrangements 
calibrated  or  prc^rly  marked  so  that  the  ratio  of  the  "  part  gate  '' 
to  "  full  gate  "  can  be  readily  set  and  determined  during  the  tests. 

The  necessar\'  length  of  a  **  run  "  in  a  series  of  tests  depends  only 
upon  the  length  of  time  required  to  accurately  determine  the  flow 
of  water  after  the  conditions  for  the  run  have  been  adjusted  and 
have  become  constant.  This  length  of  time  of  course  dififers  with 
the  arrangements  made  for  measuring  the  flow. 

467.  Report  and  Comimtations.  —  The  form  on  i>age  1066  shows 
the  observations  necessary-  for  a  test  of  a  water  motor,  together  with 
the  principal  computations.  It  is  assumed  that  a  Prony  brake  is 
used  to  determine  power  devel<q>ed,  and  that  the  flow  is  measured 
by  a  weir  in  the  tail  water. 

Make  runs  as  follows: 

(.4)  \Mth  constant  speed  and  a  given  head.  \*ar>-  the  load  from 
light  loads  to  overloads,  using,  say,  six  different  loads  to  obtain 
sufficient  data  for  graphical  representations.  Compute  the  items 
called  for  on  the  blank. 

(B)  Repeat  at  the  same  loads  for  a  number  of  speeds  in  a  series 
from  the  lowest  to  the  highest  practicable,  keeping  the  head 
constant. 

(C)  If  it  is  possible  to  change  the  head,  varj-  it  by  a  series  of 
steps  and  for  each  step  repeat  series  A  and  B. 

The  form  needs  little  explanation,  the  meaning  of  most  of  the 
quantities  ha\dng  been  given  in  pre\ious  articles.  For  the  com- 
putation of  "total  effective  head/'  see  Art.  466.  The  actual  or 
gross  effidenc)'  is  the  ratio  of  D.H.P.  (reduced  to  foot-pounds) 
to  the  available  energ}"  Wh.  The  ratio  of  velocity  of  peripherj'  of 
wheel  to  velocity  due  to  the  head  A  is,  in  the  case  of  the  impulse  wheel, 
computed  to  show  how  nearly  the  wheel  meets  the  requirement 
that  for  maximum  efficiency  the  ratio  of  these  q>eeds  is  about  0.5. 
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t  compute,  for  the  conditions  for  which  best  actual 
found,  the  theoretical  power  and  the  hydraulic 

ie  Arts.  458  and  459  for  these  computations  for  the 
and  Art.  463  for  the  equations  for  the  reaction 

le  results  of  the  tests  graphically  by  drawing  the 
is: 

le,  for  a  given  head  and  constant  speed,  plot  as 

of  "part  gate  "  to  "full  gate/'  and  as  ordinates  (a) 

iveloped,  (6)  actual  eflSdency,  (c)  quantity  of  water 

Ise  wheel,  for  a  given  head  and  constant  speed,  plot 
mtity  of  water  supplied  per  minute  or  per  second, 
s  (a)  horse  power  developed,  (6)  actual  efficiency, 
e  of  water  motor  were  tested  at  other  speeds,  plot 
r  each  speed. 

le  report,  if  possible,  drawings  to  scale  to  show  the 
notor,  the  principal  dimensions  of  motor,  penstock 
discharge  tube,  etc.,  and  location  and  arrangement 
ratus. 

PUMPS. 

eating  Pumps. — These  are  usually  steam-driven,  and 
*ir  testing  is  considered  under  the  head  of  pumping 
K  XVIII,  to  which  the  student  is  referred.  Where 
ir  is  an  electric  motor,  or  the  pump  is  operated  by 
ements  for  testing  the  water  ends  remain  the  same, 
le  electric  motor  multiplied  by  the  motor  efficiency 
delivered  to  the  pump.  Where  a  pump  is  belt-driven 
ransmission  dynamometer  if  one  can  be  applied, 
5  the  best  means  for  determining  input. 
?umps.  —  These  pumps  are  often  confused  with  cen- 
but  they  are  distinctly  different  (see  next  article), 
rse,  the  centrifugal  pump  is  a  rotary  pump  in  the 

lumber  of  rotary  pimips  on  the  market,  differing 
ruction  of  impeller.    One  type  is  that  exemplified 
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by  the  rotary  blower,  Fig.  562,  p.  942.  The  advantage  of  xbts 
pumps  seems  to  be  that  they  possess  no  valves.  On  the  other  haoc 
it  is  difficult  to  keep  them  tight  along  the  surfaces  in  sfiding  c 
rolling  contact,  so  that  the  slip  is  very  high  against  medium  or  Iigii 
heads.    The  efficiency  is  correspondingly  low. 

The  pumps  may  be  operated  by  any  type  of  prime  mover,  but  ai 
very  often  belt-driven.  Their  testing  does  not  differ  essential! 
from  that  of  centrifugal  pumps. 

470.  Centrifugal  and  Turbine  Pumps.  —  These  pumi>s  are  dosd 
related  to  turbines;  in  fact,  the  radial  outward-flow  turbine  couj 
be  made  to  pump  water,  if  it  were  operated  in  a  reverse  dire 
tion  by  an  external  source  of  power.  It  will  consequently  I 
found  that  the  equations  developed  for  this  turbine  ver>-  near! 
apply  to  the  centrifugal  pump,  but  it  is  perhaps  better  to  devek 
a  separate  theory  for  the  pump. 

471.  The  Acticm  of  tiie  Centrifugal  Pump.  —  The  following  e 
planation  of  the  action  of  a  simple  centrifugal  pump  follows  main 
that  of  Hoskins.*  No  attempt  will  be  made  to  discuss  shapes 
guide  or  impeller  vanes,  or  proper  angles  of  entrance  or  exit,  tl 
intention  being  merely  to  show  how  such  a  pump  succeeds  in  liftii 
water. 

If  a  simple  vertical  cylindrical  vessel,  A  (Fig.  619),  partly  fill^ 
with  water,  is  rotated  about  its  vertical  axis  X¥,  the  water  so< 

takes  up  the  motion  of  the  cylindrical  shell,  ai 
the  two  move  as  one  body.  It  will  be  note 
however,  that  the  surface  of  the  water  takes  i 
a  curved  form,  rising  at  the  circumference  ai 
falling  at  the  center.  At  any  one  speed  of  r 
tation  the  rise  and  fall  will  be  a  definite  amou 
above  and  below  the  original  leveL  It  can  1 
^  shown  mathematically  that  the  surface  is  a  p 

Fig.  619.  raboloid  of  revolution,  and  that  the  distances  D 

and  DF  are  equal.  Let  the  head  of  water  over  the  bottom  ; 
the  p<jint  K  he  =  A,  then  the  head  at  any  other  point,  such  as  i 
Tvnil  be  =  A  +  y.  This  extra  head  y  is  caused  by  the  velocity 
with  which  the  particle  of  water  at  G  revolves  around  the  a^ 

*  Hoskins,  Textbook  on  Hydraulics. 
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XY,  its  position  being  due  to  the  energy  of  rotation.  The  poten- 
tial energy  of  the  particle  G  of  weight  If  at  a  distance  y  above 
the"  low  point  E  is  evidently  =  Wy,  and  this  must  be  equal  to 

W  c'  c' 

the  kinetic  energy  —  •  -  ■    From  this  y  =  — ,  that  is,  y  is  the  head 

ccnreqmnding  to  the  velocity  c  of  rotation. 

Next  take  a  dosed  vessel  A  of  the  shape  shown  in  Fig.  620,  assume 
that  this  vessel  is  completely  Med  with  water,  and  that  there  is  in 
the  vessel  a  paddle  wheel  B  rotating  with  uniform  velocity  about 


FIc.  610. 


the  axis  XY.  Then  the  body  of  water  will  take  up  the  motion  of 
the  wheel,  revolving  with  it  (all  effects  of  friction  neglected).  From 
the  statement  of  the  previous  paragraph,  there  should  then  be  set 
up  pressures  in  the  fiuid  varying  from  center  to  circumference  as 
the  square  al  the  g>eed,  and  if  piezometer  columns  C  and  D  are 
inserted  as  shown,  the  liquid  will  rise  to  the  heights  indicated,  that 

at  C  being  equal  to-^,  that  at  D  to-^ ,  where  Ci  and  c,  are  the 

vdocttles  indicated.    The  pressure  head  at  D,  therefore,  exceeds 
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that  at  C  by  I  — -)  feet.     This  is  the  fundamental  prfnnpif 

\2g      2gJ  '^      ' 

upon  which  the  centrifugal  pump  operates. 

To  make  the  application  of  this  to  the  pump  a  little  dearc. 
consider  Fig.  621.  Here  the  wiied  B  revolves  in  the  case  A  wmch 
is  surrounded  by  an  outer  case  A\  A  conummicates  with  A 
through  a  number  of  passages  OO.  Water  is  furnished  from  x 
reservoir  R  under  a  head  ki.  If  the  wheel  B  stood  ^dll.  the  water 
would  rise  in  the  pipe  if  .V  to  the  same  height  k^  above  die  center 
of  the  wheel.  But  if  the  wheel  is  now  rotated  by  eiTpmal  power. 
the  pressure  in  the  outer  vessel  A'  will  rise  in  the  delivery  pipe  MS 
to  some  greater  height  Aj. 

The  strong  resemblance  of  evai  this  crude  conatmction  to  the 
actual  centrifugal  pump  is  very  striking.    See  Fig.  622,*  which  shews 

the  construction  of  a  horizonLil 
centrifugal  pump.  The  whed  B. 
rotating  in  the  chamber  A.  is 
formed  of  an  upper  and  lower 
sheet,  the  space  between  winch 
is  divided  into  a  number  of  pas- 
sages by  vanes,  corresponding  lo 
the  arms  of  the  paddle  wheel. 
These  vanes  are  not  radial,  like 
paddles,  but  generally  of  a  curvecl 
shape,  as  shown,  because  that 
form  is  more  efficient-  Neither 
do  they  extend  quite  to  the  center, 
but  leave  a  central  op)ening  B' 
for  the  suction  water  to  enter. 
The  water  pumped  enters  the 
chamber  A\  from  winch  it  flows 
into  the  discharge  pipe  MX. 
The  water  is  raised  from  the 
l<^vf'l  of  the  -upfjly  by  suction  through  a  height  km  and  is  delivered 
thr(;utrh  a  height  //,^  so  that  the  total  lift  is  A,  +  A^. 

A  centrifugal  pump  cannot  commence  to  discharge  unless  the 

*  From  Lea,  Hydrauika,  p.  593. 
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whed,  casing,  and  suction  pipe  are  full  of  water.  For  this  reason, 
either  a  foot  valve  V  must  be  provided  in  the  suction  pipe,  or 
arrangements  must  be  made  so  that  the  pump  may  be  primed  aft^ 
it  is  started  up. 

The  modem  centrifugal  pump  is  usuaUy  run  upcm  a  horizcMital 
axis.  The  \*arious  constructions,  by  different  makers,  differ  mainh' 
with  respect  to  shape  of  impell^  passages,  and  means  emjJoyed  to 
conv^t  the  high  velocities  of  the  water  leaxing  the  impeller  into 
useful  pressure  head,  thus  raising  the  efficienc>'  of  the  puiiq>.  The 
following  classification  and  discussion  of  characteristics  is  due  to 
Prof.  G.  F.  Blessing  * 

I.  Impulse  Pumps  mlhoui  Volute  (Tig.  623).  —  This  is  the  cheap- 
est and  least  efficient  form.    The  impeller  is  a  dose  fit  in  the 


Fig.  623.  —  Imftlse  Ptup  wtthoct 

VOLTTE. 


Fig.  614.  —  Ptmp  wrra  Voltte,  no 
Whislpool  Chambes. 


concentric  casing,  and  discharges  the  water  at  high  velodty  into 
the  casing,  in  which  there  is  no  proxision  made  for  reducing  the 
hi^  velodt}'.  These  pumpis  are  not  much  better  than  simple 
rotary  pumi>s.  because  the  water  can  be  discharged  from  each 
passage  few  only  about  one-quarter  of  a  turn.  They  are  used 
mostly  against  small  heads,  —  2  to  6  feet.  —  and  show  efficiencies 
ranging  from  30  to  45  per  cent.  They  are  laigdy  used  in  dredging 
or  irrigating  cq^erations.  and  show  good  resistance  against  shock  or 
wear  caused  bv  solid  material  carried  bv  the  water. 

n.  Pumps  vith  Voiuie.  but  'uithoui  Whirlpool Chimhcr  (Fig.  624\ 
—  The  construction  differs  from  the  foregoing  mainly  in  that  a 
spiral  discharge  pipe,  the  volute  chamber,  is  added  to  the  casing. 
The  foon  of  the  volute  is  practicalh'  that  of  the  spiral  of  Archimedes, 
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that  is.  it3  cross  section  increases  from  practxaHy  zero  ^  t::-  '±e  fil 
area  of  discharge  in  such  a  manner  as  to  keep  the  vekcftj  cf  W2Z£: 
in  the  chamber  practically  constant  while  the  wfaeei  k  cfsczarE=£ 
all  around  the  drcumfenaice.  As  in  class  L  no  fyrrial  pri^rfsifX 
is  made  in  this  class  to  convert  the  kinetu:  energy  cc  the  'wizsr  1:13 
static  pressure.  Some  transioonation  does  take  place.  —  ira:  -:f  'Jit 
tangential  componoit  of  the  vdocity  with  which  the  water  jcit^ 
the  impeUeT,  —  but  the  radal  Gompisnait  is  lost.  The  sjcbnzrtri  i 
this  type  over  class  I,  however,  exists  in  the  tact  that  the  r^rili^ 
is  continuously  discliarging  all  around  the  circnintercnce.  Tbs 
type  of  wheel  is  used  for  heads  from  5  to  5a  Dcct,  and  may  i«:v 
efficiencies  up  to  60  per  cent. 

m.  Pumps  vnth  VobUe  and  WJaHpaal  Chamber  Fiz.  tif  - 
The  whirlpool  chamber  is  a  passage  of  annular  ring  ionn  -mrk"  .i 
interposed  between  the  impeller  and  the  volute  chamber.  Tzt 
water  discharges  into  this  chamber  (which  is  osoally  nUed  with 
vanes  having  the  same  direction  as  the  stream  lines    with  high 
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Fig.  -j.:6.  —  Pnip  a::h  V   l" 
Beli--moc-:h  Di5CH.vJtG; 
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velrjdrv  yji  -jvhiri.  bv  ^faich  is  meant  the  tangential  comn'^rnent:  .: 
the  db^^jiute  vei»jcity  oi  the  water  leading  the  impeUer.  The  "sntrr 
continues  r^jtation  in  the  wfairipo<:)I  chamber,  rhrtngrng  veic-city  Lr:'> 
pressure  head  in  so  doinz.  The  increase  in  efficiency  due  to  the 
whiripcoi   zhamber  depends  upon  the  construction  of  the  latier 

r\*.  Pumps  untlt  Volute  and  BeU-moulk  Discharge  ^Fig.  rizo  .  — 
These  rurr.ps  are  the  same  as  class  II.  except  that  the  ilischjjse 
pire  iTT'-iiiually  enlarges,  to  convert  velodtj-  into  pressure  head. 
This  :ons traction  is  of  importance  for  pumps  c£  low  lifts;  for  those 
'iisrhiirzin'r  against  high  heads  it  does  not  add  much  to  the  effi- 
c:trn».y.     When  the  velocitv  of  water  in  the  vohxte  chamfao^  is  about 
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15  feet  per  second  (common  figure),  the  gain  in  head  due  to  the  bell- 
mouth  dischaige  is  usually  less  than  3  feet,  wbkb  may.  of  coutse. 
be  a  large  percentage  for  a  low  lift,  but  a  small  percentage  for  a 
high  head. 

V.  Sittgle-stagf  Turbine  Pump  (Fig.  6J7V  — The  special  feature 
of  turbine  pumps  is  that  the  impeller  discharges  into  a  numbo' 
of  expanding  nozzles,  which  in 
turn  discharge  into  a  concentric 
case.  The  ring  containing  these 
nozzles  is  called  the  di^user,  and 
the  function  of  the  nozzles  is  to 
convert  kinetic  energj-  into  pres- 
sure head  before  the  water 
reaches  the  discharge  chamber. 
Their  function  is  thus  the  same 
as  that  of  the  whirlpool  chamber,  but  the  latter  is  not  suited  to 
great  reductions  of  velocity  unless  it  be  made  wry  deep,  which 
would  make  the  pump  ^-ery  bulky.  The  turbine  pump  is  used  as 
a  single-stage  pump  for  heads  from  50  to  1 50  feet  and  may  give 
efficiencies  exceeding  80  per  cent. 

\T.   Multistage    Turbine    Pump   (Fig.  638). — The   single-stage 
turbine  pump,  if  used  against  a  high  head,  requires  high  velocities 


'-'^ 


Fig.  018.  — MrLTisiACE  Tcmisk  Pmp. 
of  rotation,  which  causes  excessive  skin  friction  between  metal  and 
water.    To  overcome  this,  the  pump  is  compoimded  by  mounting 
aevcnl  impders  on  the  same  shaft.    Each  in^ieller  operates  in  a 


I074 

separate  chamhrr  and  ianns  a  compiete  pcxmp  fa  £c3eif.  ±e  ir 
ddhrenng  the  water  to  tiie  sactkm  oc  the  aemnd  •et^:.  ^Lii 
stage  pomps  with  3  stages  defivermg  against  laoo-ioot  iieoc  2^' 
been  built. 

473.  Theocetical  I\iwci,  IfaBoaetiKy  EEfdianfic,  and.  Jcas 
Eficundcs  of  CnHiifft  Pmms.  —  If  the  acnoa  oc  j.  pumc  :z 
peQer  is  analyzed  in  the  same  way  as  was  dgxut  fior  2  mrfaine  nmit 
of  the  radial-outdow  type,  which,  as  stated,  b  aa  ^E3ctiy  panli 
case,  a  formula  of  the  same  fonn  as  eqaatk>a  j2  may  be  «iev^txc 
for  the  work  done  upon  the  water.    This  eqoaticui  is 

W 

Z  =  —  (^MiJi  —  m^  ft.-Ibs.  per  scc 

i 
The  meanfng  of  u  and  i  may  be  read  from  F%.  6r  r.    Li  the  'la 
of  the  turbine  runner,  the  velodly  Si  is  higher  than.  ii».  2nd  I 
po^tive.  meaning  that  the  water  does  wock  uptxi  the  mnner. 
the  case  of  the  pump  impeller.  115  is  greater  than  Si.  henre  L  is  ne 
ative,  which  means  that  work  is  done  up<xi  the  water.      To  avo 
the  use  of  the  negative  sign,  we  may  write  rtniprtuirf  ZBork  da^ 

upon  the  water 

W 

=  £  =  —  ^  1M2  —  »i^l)  fL-Ibs.  per  sec  (3 

The  water  enters  the  impefler  practically  radially.  50  that  J: 
T:  cos  CK:  =  z  :  see  Fig.  611  .     We  also   have   i-  =  ii-  —  x^  coi  •: 
The  theoretical  work  then  is 

L  =  —  M^  *  M^  -r  tt^  cos  OB-^  tt.-iDs.  per  sec.,  u 

in  which    ih.  =  tangential  velocity  at  exit  from  impeller  passag 
— ,  =  \-eIocirv  oi  wato-  relative  to  vane; 
a->  =  .inizie  between  u*  and  w*  ( see  Fi^.  6  r  i  . 
zi";  may  bt:  corr.puted  from  the  quantity  Q  of  water  fiowiruj  p 
5econ*i  irji  x^  L:  k_r.«:wn  fn^m  wheel  dimensions. 

L'  thrr  th'r'.retfcal  work  done  is  divided  by  the  weight  W  of  wat 
i.'iv-ir.:!.  ^s^c  -e^ult  w^'ji  be  the  theoretical  total  lift  or  head,     Tfa 

—  « 

tnen  IS  -rz^iai  to 

jT.      WtUm-^'os  cos  oti  £^ 

/z  = It.  (4 

g 
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7SS  head  through  which  a  pump  operates  is  in  prac- 
lows: 

nometer  to  the  suction  pipe  of  the  pump  dose  to  the 
le  reading  of  this  manometer,  when  the  pump  is  in 
I,  be  equivalent  to  a  static  head  of  A,  feet,  measured 
re.  (The  reading  will  usually  be  inches  of  mercury, 
educed  to  the  equivalent  water  column  A,  in  feet .*) 
essure  gauge  to  the  discharge  main  close  to  the 
le  reading  of  the  gauge  be  equivalent  to  a  discharge 
measiured  above  atmosphere.  (The  reading  will 
mds  per  square  inch.) 

ity  of  the  water  through  the  suction  pipe,  at  the 
5  measured,  be  v,  feet  per  second,  and  the  velocity 
±arge  main  at  the  point  where  h^  is  measured  be 
1.  These  velocities  are  computed  from  the  quantity 
and  the  dimensions  of  the  mains, 
barometer  (atmospheric  pressxure)  =  A^  feet  (about 

basis  of  Bemouilli's  theorem,  write  the  energy 
3  two  points.  Neglect  friction  between  the  points, 
y  chargeable  to  the  pump,  if  the  pressure-measuring 

connected  very  dose  to  the  pump  casing,  as  is 
le  case.  If  W  is  the  quantity  of  water  flowing  per 
lie  gross  head  in  feet  produced  by  the  pump,  the 
I  to  the  water  in  passing  through  the  pump  is 
I  foot-pounds.  Express  the  total  pressures  acting 
5  of  measurement  as  absolute  pressures,  and  let  the 
:  between  the  point  of  manometer  connection  to 
le  discharge  gauge  be  hi  feet.  Then  the  energy 
d 

te  Discharge  Side 

Velocity  Qto*:#.  h«oH  Velocity       Energy 

Head  Static  Head  jj^^^  j        ^ 

+  i!il  j  =  w(h  +  h,  +  h,+  ^)-  Wh         (42) 

iically  positive  or  negative.     If  the  pump  is  supplied  with  water 
then  h»  is  intrinsically  positive,  and  in  the  equation  must  be 
f,  on  the  other  hand,  the  pump  lifts  the  water,  A«  is  intrinsically 
5  written  =  (—  A«). 
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Now,  assuming  that  the  pump  lifts  water,  so  that  A«  is  intrinsicall\ 
negative,  we  have,  canceling  W, 

A,  +  (-  A.)  +^  =  Ai  +  A^  +  Ai  +^  -  A, 
from  which  the  gross  head  through  which  the  pump  operates  is 

A  =  (a,  +  A.  +  Ai  +  ^^^^^-^^-^)  ft.  (43 

Similarly,  if  the  piunp  receives  water  under  pressure  higher  thai 
atmospheric  so  that  A«  is  intrinsically  positive,  we  have 

It  should  be  noted  here  that  h^  and  At  are  not  simply  the  actw 
vertical  distances  from  the  point  where  the  gauge  is  connected  t 
the  discharge  level,  or  from  the  point  where  the  manometer  ; 
connected  down  to  the  suction  level.  In  each  case  A^  and  i 
include  besides  this  the  friction  loss  in  the  pipe.  To  find  h^  and  i 
simply  by  measurement  of  the  actual  distances  assumes  n^igibl 
friction  losses  in  the  piping. 

The  useftd  head  piunped  through  is  equal  to 

K  =  QtJ  +  A/  +  Ai)  ft.,  (4f 

where  h^  is  the  actual  lift  from  center  of  gauge  to  discharge  levt 
and  A,'  is  the  actual  suction  lift  in  feet. 

Manometric  or  Hydraulic  Efficiency  of  a  centrifugal  pump  is  d( 
fined  as  the  ratio  of  the  actual  gross  head  pumped  through  divide 
by  the  theoretical  total  head;  that  is, 

,        A,  +  A.  +  Ai  +  ^il^L-Ei! 

j5^  ^  A  = 2g 

n  Uijuj  +  Wj  cos  at) 

g 


g(A.  +  A.  +  Ax  +  5^^-^-^) 


Ui{ih  +^  cos  at) 

The  hydraulic  efficiency  is  by  some  writers  computed  on  anothe 
though  equivalent,  basis  and  is  defined  as  the  ratio  of  the  toti 
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lie  ptimp  to  the  power  input  to  the  wheel.  The 
theoretical  input  L  of  equation  (40),  but  the  total 

imp  less  the  power  lost  in  axle  friction.     Let  Li 

K)wer  input  in  foot-pounds  per  second,  and  Lg  be 
in  bearing  friction.     The  input  to  the  wheel  is 

nd,  by  definition,  hydraulic  efficiency  then  is 

^Wh^A U-J,  .(47) 

fidency  is  of  course  always  determined  by  the  ratio 
)ne  by  the  pvmip  to  the  total  energy  input,  so  that 

-ip  =  _i U—L.         (48) 

ting  of  Rotary  and  Centrifugal  Pumps.  —  The  test 
ower  input,  capacity,  and  efficiency.  The  deter- 
bservations  required  are: 

put; 

of  water  pumped; 

.  useful  heads  pumped  against; 

tput  (foot-pounds  per  minute  or  horse  power) ; 

put  is  determined  by  any  of  the  means  already 
prime  mover  is  direct-connected  (steam  engine  or 
motor,  etc.).  When  belt-driven  a  transmission 
)uld  be  used. 

tity  of  water  pimiped  may  be  determined  either 
discharge  sides  by  Pitot  tubes,  by  common  water 
meter  on  the  discharge  side,  or  by  nozzles,  ori- 
may  be  convenient  (see  Chap.  XU  for  available 

rs  and  gauge  are  connected  to  suction  and  dis- 
readings  taken,  as  outlined  in  previous  paragraph, 
lischarge  heads  may  be  varied  at  will,  if  desired, 
e  valves  in  the  suction  and  discharge  mains,  the 
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fonner  beiow  the  measoiing  iDStnunents  in  the  saction  pipe.  ',z£: 
latter  beyond  the  instnrments  in  the  discharge  idpe. 

(D)  The  power  output  is  equal  to  Wk  foot-pouzids  per  ftc.Di. 
if  fF  =  water  pumped  per  seoxid  and  k  is  total   head  in  i'=tz. 

Horse  power  is  then  = 

550 

(E)  Sj)eed  should  be  taken  by  some  recording  fomi  of  li^cztrr. 
A&  in  the  turbine,  the  Ungik  of  each  test  is  detexmizied  mainlj  :y 

the  time  necessary  to  make  sure  of  the  rate  of  flow  of  water,  iftc: 
conditions  have  become  constanL 

The  following  forms  are  used  at  Sibley  College  in  the  testinc  f 
a  small  centrifugal  pump.  The  pump  is  belt-driven  by  a  direc- 
current  motor,  and  a  weir  is  used  to  measure  the  discharge,  h 
view  of  the  explanations  givoi  in  previous  articles  of  thi-^  chapter. 
none  of  the  items  need  any  further  explanation,  with  the  excep- 
tion, perhaps,  of  the  item  "  Duty."  The  B.t^u.  supplied  the 
piunp  is  in  this  case  obtained  by  ccHiverting  the  applkd  horse 
power  or  power  input  to  equivalent  heat  units  per  hour  by  mdd- 
plj-ing  by  2545. 

TEST  OF  CEXTRXFTGAL  PUMP. 

Log  Sheet. 

Date  of  Test ig     .     Observers,       

Details  of  Weir:  Type        .    .      ;  Length,  ft. ;     Hook-gauge  Zero. 


„      .         I   _.  of  Manom-  of  (j«uge  .  ,  .\in- 

Number.   I   Time,   i  .      gauipe  of  of  \4itft.      Wxrii. 

ctcr  IDS.  pcf        T«      t-  '•  •-  v« 

rr  Readuur.        Jiotor.       Ptanp. 

in.  Hg.  .  sq.  in.).    . 
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TEST  OF  CENTRIFUG.\L  PUMP. 
Resmii  Sheet. 

Type  of  Pun^k. 

Detaib  of  Impeller:  Diameter,  indies ;  \lldth,  inches 

Diameter  of  Suction  Pipe,  inches. ;  of  Dischaige  Pipe,  inches. 


Run  Xomber. 


Av.  suction  head,  by  manometer,  ft..  A« . 

Av.  discharge  head,  by  gauge,  ft,  kd 

Distance  between  manometer  and  gauge, 
ft.,  hi 

Id 


Velocity  head  in  suction,  ft., 


Velocity  head  in  dischaige,  ft.. 


2t 


Total  head,  feet,  il 

Hook-gauge  reading 

Head  on  weir,  feet 

Discharge,  cu.  ft.  per  sec,  Q. 

R.P.M.  of  motor. 

R.P.M.  of  pump. 

Velocity  of  periphery  of  impdler. 

Velocity  in  discharge  main,  ft.  per  sec.,  Vd 

Velocity  in  suction  main,  ft.  per  sec.,  t, ' 

Amperes 

Volts 

Input  to  motor,  H.P 

Efficiency  of  motor,  per  cent 

Ii^>ut  to  pump,  A.H.P 

Pounds  of  water  discharge  per  sec.,  W . . . 
Actual  efficiency  of  pump,  per  cent,  Ea. . 

Hydraulic  efficienc>',  per  cent.  Eh 

Manometric  efficiency,  per  cent,  Eman. .  . 
Effidencyof  set,  motor  iixduded,  per  cent 
Capacity  in  gallons  per  min, 
Duty  in  ft.-lbs.  per  1,000,000  B.t.u.  sup- 
plied  


474.  Scope  of  Tests  and  Report  —  The  following  series  of  nms 
may  be  made  on  the  pimip: 

{A)  With  speed  and  suction  head  constant,  vaty  the  discharge 
head  by  controlling  the  valve  in  the  discharge  main. 

{B)  With  speed  and  discharge  head  constant,  var>'  the  suction 
head. 

(C)   Repeat  series  {A)  and  {E)  for  a  series  of  different  speeds. 

To  exhibit  the  characteristics  of  the  pump,  draw  the  following 
curves: 


io8o 
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With  capacity  in  gallons  per  minute  as  abscissas,  use  the  follow- 
ing  ordinates:  (a)  head  h  in  feet;  (b)  useful  horse  power;  and  <.' 
actual  efficiency. 

If  a  series  of  speeds  are  used,  one  set  of  such  curves  should  be 
drawn  for  each  speed. 

475.  The  Pulsometer.  —  This  is  a  pump  in  which  the  direct 
pressure  of  steam  upon  water  is  used  to  drive  the  -wBta  out  of  3 
chamber  and  up  a  discharge  pipe.     Figs.  629  and  630*  show  two 
sections  of  a  pulsometa-. 

It  consists  of  two  chamhcrs. 
AiAt,  separated  by  a  parti- 
tion a.  The  chambers  are 
ccHmected  to  a  commcm  suctioa 
fnpe  B  throu^  suction  valves 
Si  and  St-  They  axmnunicate 
with  a  common  discharge 
chamber  K  by  discharge  \-aIves 
Oi  and  A.  Chamber  W  con- 
nects with  the  suction  ppe 
through  a  side  passage  and 
serves  as  an  air  chamber.  The 
ball  valve  E  controls  the  course 
of  the  steam,  the  supply  of 
which  is  regulated  at  C. 
Fir.s.  619  AND  630.  —  PuLsoMETM.  In  the  position  sJiown,  with  £ 

closing  the  left-hand  caning, 
the  water  is  rising  in  Au  Si  being  open,  while  the  pressure  of  the 
steam  on  top  of  the  water  in  A^  forces  this  out  through  Di  into 
K  and  up  H.  The  speed  of  operation  in  the  two  sides  is  so  coo- 
trolled  that,  as  the  water  is  all  pushed  out  of  Ai,  the  water  in  .4] 
has  risen  nearly  to  the  top,  pushing  any  air  that  may  be  in  .4i  ahead 
of  itself  against  the  valve  E.  At  the  next  instant,  steam  starts  tc 
escape  through  D,  and  is  rapidly  condensing  or  mixing  with  th« 
water  in  K.  This  causes  the  pressure  in  At  to  fall  to  such  an  extent 
that  the  overpressure  in  Ai  pushes  the  valve  E  over  to  the  light- 
hand  seat.    It  is  understood,  of  course,  that  the  pressure  in  Ai 

*  Mechanics  of  Pumping  Machinery,  Weisbac^  ft  Hennaim,  p.  1S7. 
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accmte  test,  of  ctnirae.  faoli  IT  anc  n 
idodi  dif  injector  sei-iqi  desciSicd  in  Q 
He  heal  cqtrivakait  of  Tie  mcfjBniaL 
f9iT  |er  hour  » 

77fe 

Tl,  tafl  opcnded  iD  tiimnal  lom*  per : 

ff  =  *iar-e-fa 

^'t^iwy  "Ijlt  T*i  1  tTiT^  -^nKlCQCV  s* 

r     irt-i.-i 

^  the-  esDBBsiai.  ie  £ 


'-? 
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J  being  shut,  the  pressure  generated  starts  to  depress 
mn,  forcing  it  toward  the  high-level  tank  B.  The 
s  the  water  column  attains  velocity,  so  that  by  the 
ressure  has  reached  atmospheric  pressure  the  water 
nsiderable  velocity.  Since  this  motion  cannot  be 
ed,  expansion  below  the  atmosphere  in  C  takes  place, 
th  the  exhaust  valve  E  and  the  water-suction  valves 
coming  in  mostly  follows  the  colimm  of  water  moving 
^-level  tank,  but  the  level  will  also  rise  in  C  in  the 
the  level  in  the  suction  tank  A .  The  kinetic  energy 
umn  is  of  course  finally  used  up  in  forcing  part  of  the 
ligh-level  tank.  After  this  the  water  starts  to  surge 
5  combustion  chamber  C  and  shutting'  the  exhaust 
>act.  This  imprisons  a  quantity  of  biuned  gas  in 
lich  gas,  owing  to  the  inertia  of  the  water  column,  is 
pressiu-e  higher  than  that  of  the  static  head  due  to 
L.    A  second  outward  surge  of  the  water  colmnn  in 

1  decreasing  the  pressure  in  Ci  to  below  atmosphere, 
r  opens  against  a  light  spring  and  a  new  combustible 

in.  The  next  return  motion  of  the  water  column 
zhaxge,  and  at  the  moment  of  maximum  compression 
ates,  after  which  the  cycle  is  repeated.  The  only 
this  pump  are  the  valves,  and  they  are  all  on  their 
xplosion  occurs. 

measurements  required  in  a  test  on  this  pump  are, 
antity  of  gas  used  and  the  amount  of  water  pumped, 
e  head  pumped  through.  The  latter  would  in  the 
ig.  631  be  the  difference  between  the  levels  of  the 
suction  tanks.  A  pump  of  somewhat  different 
t  shown  in  Fig.  631  has  shown  thermal  efficiencies 

2  per  cent.  This  pimip  had  a  straight  cylinder  25 
er  by  48  inches  long,  the  capacity  was  about  4000 
te,  and  35  water  horse  power  were  developed. 

y  pump  is  also  built  on  the  two-cycle  principle  and 

• 

d  to  the  compression  of  air.  It  is  already  being 
Dacities,  several  four-cycle  pumps,  to  have  a  capa- 
0  gallons  in  24  hours,  being  under  construction. 


rt  y  f  mis  WIHTUTrtf.    j 


4rr- 

TEnoe  ara  nm  dasses-  nf  gum^  ubdji^  a 
(rf:«RtB:    TleaisdaHS-UHad 

nitimut  gspanaon.     These  guin^  sat  knirmL  -is  pnaumaic  iii- 
^  msuly  <iiL  die  [jnncipie  'tt  'in 


r  ^**  Tngny 


Tbe  piinciple  oj  ds  aic  lifr  is  vcfv  -"frnpiff-  TTm  i^iiiinii  i^mssa 
eascntiaily  if  a  deUvfiry  nipe  let  (fiiwii  iiili]  die  whU,  and  i  saile 
air  ^^  wlncfi  cmniEiis  "u  *ae 
liisctoBcgE  pipe  .^amt^wiierc  T^t 
rhi*  OHit.  In.  chfi  smoies  T"^. 
rfa*  dirpige  isiarried.  ^*uu!3iie  Tt 
(fain»«7  pipt  15  nuneti  arwir: 
suit  i*nrti  in.  i  TlTgiit*  ;*C  ?1II.  1  • ; 
"disis  the  amsttncritai  Trn  isr: 
wi^  ttffi  delLvary  pipi;  is  i:m- 
piirariv»4v  ■amilt  Fn  aii-H  i  -n.^ 
ttffi  airdoQ-not  mixrwitfi  'h**  t:!!^ 
m  anv  extBit.  On  iea.",Tnir  ihj 
OOZQe  it  .-rpnTiric  -£}  ii]  -jc  it 
Ih'ery  pipe  inii  .-rses  in  ■Jis  j 
masses,  ^vhicii  may  ^e  :::iT:c^-~r 
ro  TistDns,  'Sich  «paratinir  -r- 
'muies  oi  ■rarer.  Wiit^rr;  -je  in 
iver--  pipe  is  laiHE^-.  it  :s  baui 
to  admit  Jie  lir  rhmiiEh  x  nn: 
oi  ports  around  che  lieiit-'iry  dc« 
The  jir  thei  mixes  with  -iie  wnii: 
in  anail  i<xiies  ir  lubbies.  The  action  is  the  Mjne  in  dctier  Ti* 
the  water  i:  raiiefi  aiainiy  rry  :he  buoyancv^  >n  the  air.  or.  is  P^i 
ataies  ;t,  i)-  "iie  leration  .11  the  waia-  ooiamD  Tfaicii  ouises  a  n. 
auction  •}{  rile  -peciric  ^pTl^-it)-. 

En  F'liL    1:2  let   d  be  the    l^rthof  aibmergpice  of  the  .ieiiviff 
^ipe  to  riie  place  at  which  the  air  filers,  -h  this  -  iisCmce  whiai  :& 


6-^4 


The   Ua  i-rr. 
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.on,  and  H  be  the  total  lift.  The  pressure  of  the  air 
entrance  is  theoretically  equal  to  the  head  of  mixed 
above  it  in  the  delivery  pipe.  As  the  air  rises,  the 
aes  and  the  air  expands,  so  that  near  the  outlet  the 

but  little  above  atmosphere.  The  initial  pressure 
«nnined  by  the  head  of  water  ki.    If  the  submersion 

compared  with  the  net  lift  H  —  ht,  the  pressure 
■  high,  the  work  required  at  the  air  compressor  is 

great,  and  the  efl^dency  of  the  installation  is  corre- 


ma  BY  Compressed  Air,     PNEmcAtrc  Displacement  Pump. 

Too  little  submergence  calls  for  a  larger  volume 
ze  the  required  velocity,  and  this  again  means  low 
:  total  efficiency  under  best  conditions,  from  the 
work  done  at  the  compressor  to  the  foot-pounds  in 
,  may  be  over  50  per  cent  for  low  heads  (10  to  30 
his  the  efficiency  rapidly  falls  with  the  head,  de- 
it  20  per  cent  with  heads  approximating  100  to  130 


est  of  an  air  lift  requires  the  detennination  of  the 
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folkming  quantities:  la)  air<awpreasar  horse  powc:  v.^zir 

of  free  air  compresseri;  'c)  quantity  lyi  water  pumpea:  -^  zzi  J: 
(H  —  A|  in  Fig.  6,^2;.  The  total  emdezur/  is  'Jit:  r^uio  >:  "iir  .-  :- 
poundft  of  work  done  in  water  lifted  to  the  foot-pouncii  :  t..— 
done  in  compressing  the  air. 

The  principle  of  the  pneumatic  displacement  pump  :ii3.y  -r  -z- 
[Gained  from  Fig.  633.  Two  vessels  A  and  3  are  :ansc:::L-:  . 
suction  valves  CC  and  discharge  valves  DD.  as  ihown.  J  i  nr 
suction,  F  the  dlschanne  pipe.  -\ir  pipes  G  ind  S  ue  :.»ni:c-_:i-: 
to  the  compressor  /  through  the  compound  vaive  K  rf}  "Il^i  ^ 
may  either  he  drawn  from  or  forced  into  eithc  resset,  Ir.  ::= 
sketch  as  ^hown,  the  compressor  piston  is  mo\'ing  zo  ziu:  nipi  izj 
IS  forcing  air  into  cylinder  B.  forcing  out  the  water,  ind  in'mi.:  ^ 
out  of  the  cyh'nder  A.  which  fills  the  cylindK-  with  ^FTiter  *: 
the  end  of  the  stroke,  B  is  emptied  of  water  and  iile^i  vrtu  ^ 
while  A  is  filled  with  water.  Valve  K  is  thei  dimwn  yvf^r  - ;  -:ic 
other  position  and  the  operation  is 'repeated  in  die  rfrrftrsx:  TTi.-/ 
The  height  to  which  water  can  be  lifted  depends  upon  *iie  ii: 
pressure  used.  The  suction  lift  is  of  course  governed  by  the  =in:j 
laws  as  in  other  pumps. 

A  test  of  a  pump  of  this  type  reqtures  the  'ietermin^r:*  r. 
substantially  the  same  quantities  as  outlined  for  the  lir  if':.     Tii 
tr)tal  fi:rt'iciency  is  aimputed  in  the  same  way. 
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STEAM   TABLES,  — Continued. 

TABLE  I.  —  TEMPERATURE   TABLE. 


I 

'  Internal 

Sp. 
Vol., 

Density, 

Heat 
of  the 
Liquid 

Latent 
Heat 

of 
Evap. 

Total 
Heat 

Eneiigy. 
B.t-u. 

Entropy. 

Temp 
Fahr. 

ca.ft. 
per  lb. 

lbs.  per 
ca.  ft. 

of 
Steam. 

Evap. 

Steam. 

Watei 

Ev^ 

Steam 

L/T 

vor  s 

i/v 

A  or  9 

Lor  r 

H 

/orp 

E 

nor^ 

orr/T 

Nar<t> 

/ 

743. 

0.00x346 

43.05 

1049  5 

1093.5 

990.7 

1033  8 

0.084c 

1.9631 

2.047X 

?r 

730. 

0.00x389 

44.04 

1048.9 

1093.0 

990.x 

1034 . 1 

0.0858 

1-9585 

2.0443 

698. 

0.00x433 

45.04 

1048.4 

1093.4 

989.4 

1034.4 

0.0876 

1.9538 

2.04x4 

^ 

677. 

0.00x477 

46.04 

1047.8 

1093.9 

988.7 

1034.8 

0.0895 

1.9491 

2.0386 

6S7. 

0.00x533 

47.04 

1047  3 

1094.3 

988.x 

1035 . 1 

0.0913 

1.9445 

2.0358 

79 

636.8 

0.001570 

48.03 

XQ46.7 

1094.8 

987.4 

1035-4 

0.0932 

X.9398 

3.0330 

8o* 

617.5 

o.(x>x6x9 

49.03 

X046.2 

1095.2 

986.7 

1035.8 

0.0950 

1.9352 

3.0303 

8x 

598.7 

0.001670 

50.03 

1045.6 

1095.6 

986.x 

1036 . I 

0.0969 

1.9306 

3.0375 

8a 

580.5 

0.00x733 

5X.02 

1045. I 

X096.X 

985.4 

1036.4 
1036.8 

0.0987 

X.9260 

3 . 0347 

!« 

563.9 

0.00x777 

52.02 

1044. 5 

1096.5 

984.8 

0.X005 

1.92x5 

3.0330 

84 

545.9 

0.00x833 
0.00x889 

53.02 

1044.0 

1097.0 

984.x 

1037.1 

0.1023 

X.9X69 

3.0X93 

Ii- 

539.5 

54.01 

1043.4 

1097.4 

983.4 

1037.4 

0.1041 

1.9124 

3.0x65 

SI3.7 
4^.4 

0.00x947 

55. 01 

X042.8 

1097.9 

982.8 

1037.8 

0.1060 

1.9079 

3.0X39 

ii 

0.002007 

56.  ox 

1042 . 2 

1098.3 

983.x 

1038. X 

0.X078 

1.9034 

3.01X3 

483.6 

0.003068 

57.00 

104X.7 

1098.7 

98X.4 

X038.4 

0.X096 

1.8989 

3.0085 

89 

4693 

O.0O3X3X 

58.00 

X04X.2 

X099.3 

980.8 

1038.8 

0.XXX4 

X.8944 

3.0058 

90* 

455. 5 

0.003x95 

5900 

X040.6 

1099.6 

980.x 

1039.1 

0.1x33 

1.8900 

3.0033 

9X 

44a-a 

0.00226X 

60.00 

1040.0 

XIOO.X 

979.4 
978.8 

1039.4 

o.iisi 

1.8856 

3.0007 

9a 

439.4 

0.003339 
0.003398 

60.99 

1039.5 

XX00.5 

X039.8 

0.X169 

1.88x3 

X.9981 

93 

417.0 

6X.99 

X039.0 

IXOX.O 

978.x 

X040.X 

0.X187 

1.8767 

1.9954 

94 

405.0 

0.003469 

62.99 

1038.4 

IIOX.4 

977.4 

X040.4 

0.1205 

1.8723 

X.9938 

SI* 

393.4 

0.(X>3S43 

63.98 

1037 .8 

1XOX.8 

976.8 

X040.8 

O.X223 

1.8680 

1  9903 

383.3 

0.0036x7 

64.98 

1037.3 

1102.3 

976.x 

X04X.1 

O.I24I 

1.8636 

1.9877 

U 

371.4 

0.003693 

65.98 

X036.7 

XI03.8 

975.5 

1041.4 

O.X2S9 

1.8592 

1   9851 

360.9 

0.003771 

66.97 

X036.2 

XI03.3 

974.8 

X04X.8 

O.X277 

1.8549 

1.9836 

99 

350.8 

0.003851 

67.97 

1035.6 

I 103 . 6 

974.1 

XQ42.X 

0.1295 

18505 

X.9800 

ICO* 

341. 0 

o.(X>3933 

68.97 

1035 . I 

1104.0 

973.  S 

1042.4 

O.I3I3 

1.8463 

1.9776 

xoz 

331.5 

0.003017 

69.96 

1034.5 

"04.5 

973.8 

1042.8 

0.1330 

1.8420 

1  9750 

loa 

333.3 

o.<x>3X04 

70.96 

1034.0 

1104.9 

972.x 

1043. 1 

0.1347 

1.8377 

1.9724 

X03 

313.3 

0.003x93 

71.96 

1033.4 

"05.3 

971-5 

1043.4 

0.1365 

1.833s 

1.9700 

X04 

304.7 

0.003383 

72.9s 

X032.8 

1105.8 

970.8 

1043.8 

0.1383 

1.8292 

1.9675 

Iti' 

396.4 

0.003374 

73. 95 

1032.3 

1106.3 

970.1 

1044 . I 

0.1401 

1.8250 

1.9651 

308.3 

0.003469 

74. 95 

X03X . 7 

XX06.7 

969  5 

1044.4 

0.X4I8 

1 .8308 

X.9626 

*^ 

380.5 

0.003565 

75. 95 

1031.2 

1x07. X 

968.8 

1044.8 

O.X436  X.8I66 

X.9602 

xo8 

«7a.9 

0.003664 

76.94 

1030.6 

1107.5 

968.2 

1045. I 

O.I4S4 

X.8134 

1.9378 

X09 

a6|.s 
as8.3 

0.003766 

77.94 

1030.0 

XX08.0 

967. 5 

1045.4 

0.X471 

X.8082 

1.9553 

no* 

0.003871 

78.94 

1020.5 
1028.9 

1x08.4 

966.8 

1045 • 8 

0.1489 

1.8041 

1-9530 

XXX 

351.4 

0.003978 

79-93 

XX08.8 

966.3 

X046 . I 

0.1506 

1.8000 

X.9506   zxa 

244.7 
338.3 

0.004087 

80.93 

1028.4 

1109.3 

965  .5 
964-8 

1046.4 

0.1524 

1  -  7950 

1-9483!  1x3 

0.004x98 

8X.93 

1027.8 

1109.7 

1046.8 

0.1541 

1.7917 

1.9458 

XX4 

331.9 
335.8 

0.0043x3 

82.92 

1037 • 2 

1110.2 

964.2 

1047  1 

0.1559 

1.7876 

1.94351 

XX5* 

0.004420 
0.004548 

83.93 

1026 . 7 

mo. 6 

963. S 

963.8 

1047.4 

0.X576 

X . 7836 

1. 9412:  zz6 

319.9 

84.93 

1026.1 

iiii  .0 

1047,8 

0.1S94 

1.7795 

1.9389    XX7 

3x4.x 
308.5 

0.004671 

85.92 

1025. 5 

1111.5 

962.2 

1048.1 

0.1611 

1.7755 

X.9366 

zx8 

0.004796 

86.91 

1025.0 

1XIX.9 

961.5 

X048.4 

0.X628 

1.7715 

1.9343 

X19 

303.1 

0.004924 

87.91 

1024.4 

1XX2.3 

960.8 

1048.7 

0,1645 

1.7674 

I.9319I    X20* 

X97.9 

0.005054 

88.91 

1023.9 

1112.8 

960.2 

1049. I 

0.1662  X.7634 

1.9396     X3X 

X93.8 

0.005x87 

89.01 

1023.3 

1113-2 

950  5 

1049.4 

0.1679  1.7594 

X.9273     X23 

187.9 

0.005323 

90.90,1022.7 

1113  6 

958.8  1049. 7l 

0.1696,1.7555 

I. 9251      133 

X83.1 

o.<x>5462 

91.90  1022.2 

1114.1,  958.2J1050.0 

0.1713  1.7515 

1.9228,    134 

'  -  777-5  ft.-lb8.  per  B.t.u.  [log  =  2.89071I;  A  »  i/J  -  x.286  X  10"*;   144  A  •■ 
,8xlb.),  sp.  vol.,  t'oro-s-  0.0161  cu.  ft.  perlb.;i/V-»  62.oIbs.  percu.  ft.;  144  Api^ 
1.69  lbs.),  sp.  vol., t^  or  «^— 0.0162  cu.  ft.  per  lb.;  i/p'«6i.7  lbs.  per  cu.  ft.;  144  i4^ 
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STEAM  TABLES,— Continued. 

n.  — SATURATED   STEAM:   PRESSURE  TABLE. 


Sp. 

Vol., 

cu.  ft 

per 

Internal 

1 

Density 
.  lbs.  per 
cu.  ft. 

,    Heat 

of  the 

Liquid 

Latent 
Heat 

of 
Evap. 

.  Total 
Heat 

of 
Steam. 

Energy. 
B.t.u. 

Entropy. 

Press. 

lbs. 

Evap. 

Steam. 

Water. 

Evap. 

Steam. 

lb. 

L/T 

vors 

i/v 

horq 

Lorr 

H 

/orp 

E 

nor0 

or  r/7 

.Vor^ 

P 

333.0 

0.00300 

69.8 

x034.fi 

1104-4 

972.9 

1043.7 

0.X327 

X.8437 

1  9754 

I 

173. 5 

0.00576 

94.0 

xo3i.a 

XXX5.0 

>   956.7 

X050.7 

0x749 

1.7431 
X.684G 

X.0180 
>  I .8848 

1       a 

X18.S 

0.00845 

X09.4 

10x3.3 

XX2I.6 

946.4 

1055-8 

0.3008 

3 

90.S 

0.0x107 

X30.9 

1005.7 

X136.5 

938.6 

1059.5 

0.3x98 

x.64xfi 

x.86x4 

4 

liM 

0.01364 

X30.X 

1000.3 

1130.5 

932.4 

1063. 5 

0.2348 

1.6084 

X.8432 

i 

0.01616 

137-9 

995-8 

1133.7 

927.0 

X064.9 

0.347X 

X.58X4 

X.8285 

53.56 

0.0x867 

144.7 

991-8 

1x36.5 

923.4 

X067.I 

0.3579 

1.5582 

x.8x6x 

I 

47.27 

0.02XZ5 

X50.8 

988.3 

XX39.0 

918.3 

X069.0 

0.3673 

1.5380 

1.8053 
I  -  7958 

42.36 

o.ai36x 

X56.3 

985.0 

XX4X.X 

914.4 

1070.5 

0.3756 

1.5203 

9 

38.38 

0.02606 

x6x.x 

983.0 

1143.x 

910.9 

1073.0 

0.383a 

X.5043 

1.7874 

10 

35. 10 

0.02849 

165.7 

979.2 

1x44.9 

907.8 

1073.4 

0.3902 

1.489s 

1-7797 

IX 

32.36 

0.03090 

X69.9 
173.8 

976.6 

1146.5 

904.8 

1074-7 

0.3967 

X.4760 

1-7727 

za 

30.03 

0.03330 

974-2 

XX48.0 

903. 0 
899-3 

1075.8 

0.3025 

1.4639 

r.7664 

13 

28.0a 

0.03569 

177.5 

97X.9 

1149.4 

1076.8 

0.3081 

1-4523 

X.7604 

X4 

26.37 

0.03806 

x8x.o 

969-7 

1150.7 

896.8 

1077.8 

0.3133 

X.44X6 

1-7549 

\l 

24.70 
23.38 

0.04042 

184.4 

967.6 

XX53.0 

894.4 

1078.7 

0.3183 

1.4311 

1-7494 

0.04277 

187-5 

965.6 

1153.1 

893.1 

X079.6 

0.3339 

1-42x5 

1-7444 

IS 

32.16 

0.045x2 

190.5 

963.7 

1x54.3 

889.9 
887.8 

1080.4 

0.3273 

1.4127 

1.7400 

31. 07 

0.04746 

193.4 

96X.8 

1155.2 

loSx.x 

0.3315 

1.4045 

X.7360 

X9 

20.08 

0.04980 

X96.X 

960.0 

XX56.3 

885.8 

T08X.9 

0.335s 

1-3965 

1.7320 

ao 

10.  x8 
18.37 

0.052x3 

X98.8 

958.3 

1157.1 

883.9 

1083.6 

0.3393 

X.3887 

X.7380 

ax 

O.OS445 

30X.3 

956.7 

XX58.0 

883.0 

X083.3 

0.3430 

x.38xx 

1.7241 

aa 

17.62 

0.05676 

303.8 

955.1 

XX58.8 

880.3 

1083.9 

0.3465 

1.3739 

X.73Q4 

33 

16.93 

0.05907 

• 

306.x 

953-5 

1x59.6 

878.5 

X084.5 

0.3499 

X.3670 

X.7X69 

»4 

16.30 

o.o6x^ 
0.0636 

308.4 

952.0 

1x60.4 

876.8 

1085. I 

0.3532 

X.36Q4 

1-7136 

U 

15. 72 

3I0.6 

950.6 

X161.3 

875.1 

1085.6 

0.3564 

X.3542 
1.3483 

X.7X06 

15. 18 

0.0659 

3X3.7 

949  2 

xx6x.9 

873-5 

X086.3 

0.3594 

1.7077 

U 

X4.67 

0.0683 

3x4.8 

947.8 

1162.6 

873.0 

1086.7 

0.3623 

1-3425 

1-7048 

X4.10 

0.0705 

3x6.8 

946.4 

1x63.3 

870.5 

1087.3 

0.3652 

1-3367 

X.70X9 

39 

13.74 

0.0738 

3x8.8 

945. 1 

XX63.9 

869.0 

1087.7 

0.3680 

X.33XX 

X.6991 

30 

13-32 

0.0751 

330.7 

943.8 

1164.5 

867.6 

1088.3 

0.3707 

1-3257 

X.6964 

31 

12.93 

0.0773 

333.6 

942. 5 

1165.X 

866.3 

1088.6 

0.3733 

1.3205 

1.6938 

3a 

12.57 

0.0795 

234.4 

941.3 

1x65.7 

864.8 

1089. I 

0.37S9 

1-3155 

I. 6914 

33 

12.32 

0.08x8 

336.3 

940.1 

X166.3 

863.4 

1089.5 

0.3784 

1-3107 

X.6891 

34 

rZ.89 

0.084X 
0.0863 

327.9 

938.9 

1x66.8 

863.1 

1089.9 

0.3808 

X.3060 

X.6868 

li 

11.58 

329.6 

937-7 

1167.3 
1x67.8 

860.8 

1090.3 

0.3832 

1-30x4 

X.6846 

ZX.29 

0.0886 

231-3 

936.6 

859.5 

1090.7 

0.3855 

X.2969 

X.6834 

11 

zx.ox 

0.0908 

232.9 

935 -S 

X168.4 

858.3 

109X.0 

0.3877 

X.3935 

X.6803 

10.74 

0.093X 

234-5 

934-4 

XX68.9 

857.1 

109X.4 

0.3899 

X.3883 

X.6781 

39 

XO.49 

0.0953 

236.x 

933-3 

XX69.4 

855.9 

X09X.8 

0.3920 

I. 3841 

X.676X 

40 

10.25 

0.0976 

237.6 

932.2 

XX69.8 

854.7 

XC93.3 

0.3941 
0.3963 

X.3800 

X.6741 

41 

10. 02 

0.0998 

239-1 

931-2 

1170.3 

853.6 

1092.5 

1.2759 

X.6721 

4a 

9.80 

0.X030 

240.5 

930.3 

X170.7 

852.4 

X093.8 

0.3983 

X.3730 

1.6702 

43 

9.59 

O.XO43 

242.0 

929.3 

XX7X.3 

851.3 

1093.2 

0.4003 

X.368X 

X.6683 

44 

9-39 

0.1065 

243-4 

938.3 

XI7I.6 

850.3 

1093.5 

0.4C3I 

X.3644 

1.6665 

tl 

9.20 

O.X087 

244.8 

937.3 

XX73.0 

849-2 

X093.8 

0.4040 

X.2607 

1.6647 

9.02 
8.84 

O.ZXO9 

246.x 

926.3 

II72.4 

848.1 

1094.1  0.4059 

1.2571  1.6630 

tl 

0.1X31 

247.5 

925.3 

XI73.8 

847.1 

1094.410.4077:1 -2536  i.66i3l 

8.67 

O.XIS3 

348.8 

924.4 

1173-2 

846.1  X094.7  0.409s  1.250a  X. 6597 

1 

49 

I  atxnosi^re)  >■  760  mms.  of  Kg.  by  def. «  29.921  ins.  of  Kg.  =>>  14.696  lbs.  persq.in. 
J  "  777-5  ft.-lbs.  per  B.t.u.  [log  »■  2.89071);  A  =  i//=  1.2S6  X  io"«;    144  /I  » 

s.,  sp.  vol.,  t'  «■  «•  ■»  0.0167  cu.  ft.  per  lb.;  i/V  =  59-8  lbs.  per  cu.  ft.;  144  Apv'  =■ 

i.,sp.  vol.,  v'  or  0-  >■  0.0171  cu.  ft.  per  lb.;  xjrf  ^  58.3  lbs.  per  cu.  ft.;  X44  Ai>tf  m 
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STEAM   TABLES.  —  Continued. 

TABLE  n.  — PRESSURE  TABLE. 


Sp. 

_        1      Internal      1 

/oL, 
11.  ft. 

Density, 
lbs.  per 

Heat 
of  the 

Latent 

Heat 

of 

Evap. 

Total 

Heat 

of 

Steam. 

Energy. 
B.t.u. 

Entropy. 

Press, 
lbs. 

per 
lb. 

cu.  ft. 

Liquid 

Evap. 

Steam. 

Water. 

Evap. 
L/T 

Steam. 

or  5 

i/v 

A  or  9 

Lovr 

H 

/  or  p 

E 

note 

or  r/T 

TVor^ 

P 

:5Ji 

0.2258 

298.3 

888.0 

1x86.3 

806.6 

XX04.6 

0.4743 

1.1277 

X.6020 

zoo 

0.2279 

299.x 

887.4 

1x86.5 

806.0 

XX04.8 

0.4752 

1.X260 

1.60x2 

zoz 

.347 

0.2300 

299.8 

886.9 

1x86.7 

805.4 
804.8 

1104.9 

0.4762 

X.X242 

X.6004 
^•5996 

zoa 

.307 

0.2322 

300.6 

886.3 

X186.9 

1105.0 

0.4771 

X.X225 

X.X208 

Z03 

.a68 

0.2343 

30X.3 

885.8 

XX87.0 

804.2 

XX05.X 

0.4780 

1.5988 

Z04 

.230 

0.2365 

302.0 

?f5.=» 

1187.2 

803.6 

1105.3 

0.4780 
0.4798 

X.XX91 

X.5980 

Z05 

.192 

0.2386 

302.7 

5?*-7 

1187.4 

803.0 

1105.4 

1.1174 

1.5972 

zoo 

.ISS 
.Z18 

0.2408 

303.4 

884.1 

1187.5 

802.5 

1105.5 

0.4807 

X.XX58 

1.5965 

Z08 

0.2429 

304.1 

883.6 

1187.7 

80X.9 

1105.7 

0.48x6 

X.XZ4X 

1.5957 

.082 

0. 2450 

304.8 

883.0 

XX87.9 

80X.3 

XX05.8 

0.4825 

X.XX25 

1.5950 

Z09 

047 

0.2472 

305.5 
306.2 

882.5 

1188.0 

800.7 

1x05.9 

0.4834 

X.XX08 

1  5942 

ZZO 

.0x2 

0.2493 

88X.9 

1x88.2 

800.2 

X 106.0 

0.484,3 

I. 1092 

1.5935 
1.5928 

ZZZ 

.978 

0.25x4 

306.9 

88X.4 

X188.4 

799.6 

1x06.2 

0.4852 

X . X076 

zza 

•945 

0.2535 

307.6 

880.9 

1x88.5 

799.0 

1106.3 

0.4860 

X.X061 

1.5921 

113 

.9x2 

0.2556 

308.3 

880.4 

X188.7 

798.5 

1106.4 

0.4869 

1.1045 

1.5914 

"4 

.880 

0.2577 

309.0 

879.8 

1x88.8 

797.9 

rio6.5 

0.4877 

I . X030 

1.5907 

"5 
zz6 

.848 

0.2599 

309.6 

879.3 

1x89.0 

796.8 

1106.6 

0.4886 

X.XOI4 

1.5900 

.8x7 

0.2620 

310.3 

878.8 

1189.1 

X106.8 

0.4894 

1  0999 

1.5893 

"2 

ZZB 

.786 

0.26dX 

0.2662 

3X1. 0 

878.  t 
877.8 

1189.3 

796.3 

1106.9 

0.4903 

X.0984 

1.5887 

.756 

3XX.6 

1x89.4 

795.7 

I 107.0 

0.49x1 

1.0969 

X.5880 

"9 

.726 

0.2683 

312.3 

877.2 

XX89.6 

795.2 

1107.1 

0.4919 

1.0954 

1.5873 

zao 

:^ 

0.2705 

313  0 

876.7 

1189.7 

794.7 

1107.2 

0.4927 

1.0939 

X.5866 

zaz 

0.2726 

313.6 

876.2 

X189.8 

794-2 

1107.3 

0.4935 

1.0924 

1.5859 

zaa 

-639 

0.2748 

0.2769 

3x4.3 

875.7 

1x90.0 

793-6 

1107.4 

0.4943 

X.0910 

1.5853 

za3 

.611 

314.9 

875.2 

XX90.X 

793.1 

H07.6 

0.4951 

1.0895 

1.5846 

1*4 

.583 

0.2791 

315.5 

874.7 

1x90.3 

792.6 

1107.7 

0.4959 

X.0880 

1.5839 

"5 
zao 

.556 

0.28x2 

316.2 

874 .2 

1190.4 

792.0 

X  X07 . 8 

0.4967 

1.0865 

1.5832 

.530 

0.2833 

3x6.8 

873.8 

1190.5 

791.5 

1107.9 

0.4974 

1.0851 

1.5825 

127 

UtS 

0.2854 

317.4 

873.3 

1190.7 

791.0 

1108.0 

o.498i 

1.0837 

1.5819 

Z38 

0.2875 

318.0 

872.8 

XX90.8 

790-5 

1108.1 

0.4990 

1.0823 

1.5813 

139 

.453 

0.2897 

318.6 

872.3 

XX9X.0 

790.0 

I 108. 2 

0.4998 

1.0809 

X.5807 

130 

.427 

0.29x8 

319.3 

87X.8 

X19X.1 

789.5 

1108.3 

0.5005 

X.0796 

1.5801 

131 

.40a 

0.2939 

319.9 

871.3 

X191.2 

789.0 

1108.4 

0.5013 

X.0782 

1-5795 

133 

.378 

0.2960 

320.  s 

870.9 

1191.3 

788.5 

H08.5 

0.5020 

X.0769 

1.5789 

Z33 

•354 

0.2981 

321.  X 

870.4 

1191.5 

788.0 

1108.6 

0.5028 

1 .0755 

1.5783 

134 

.33X 

0.3002 

321.7 

869.9 

X191.6 

787.5 

1108.7 

0.5035 

1.0742 

1.5777 

135 
Z30 

.308 

0.3023 

322.3 

869.4 

1191.7 

787.0 

1108.8 

0.5043 

1.0728 

1-5771 

.285 

a.  3044 

322.8 

869.0 

868.5 

X19X.8 

786.5 

1108.9 

0.5050 

1.0715 

1.5765 

137 

.263 

0.306s 

323.4 

X192.0 

786.0 

1109.0 

0.5057 

1.0702 

1  5759 

138 

.241 

0.3086 

324.0 

868.x 

XX92.1 

785.5 

1109.1 

0.5064 

1.0689 

1-5753 

139 

.219 

0.3x07 

324.6 

867.6 

XX92.2 

785.0 

X109.2 

0.5072 

1.0675 

1.5747 

X40 

.197 

0.3x29 

325.2 

867.2 

1192.3 

784.6 

1109.3 

0.5079 

1.0662 

1.5741 

141 

.175 

0.3150 

325.8 

866.7 

1192.5 

784.1 

1109.4 

0.5086 

X.0649 

1.5735 

142 

.154 

0.3171 

326.3 

866.3 

1192.6 

783.6 

1109.5 

0.5093 

1.0637 

1.5730 

143 

.133 

0.3x92 

326.9 

865.8 

1192.7 

783-2 

1x09.6 

0.5100 

X.0624 

1-5724 

144 

.ZZ2 

0.32x3 

327.4 
328.0 

865.4 

1x92.8 

782.7 

XX09.6 

0.5107 

I. 0612 

1.5719 

145 

.092 

0.3234 

864.9 

1x92.9 

782.2 

1109.7 

0.5114 

1.0S99 

I -571.1 

146 

.072 

0.3255 

328.6 

!5*s 

1103.0 

781.7 

1109.8 

0.5121 

1.0587 

1.5708 

'^2 

.052 

0.3276 

329.1 

864.0 

1193-2 

781.3 

1109.9 

0.5128 

10574 

1.5702 

148 

.033 

0.3297 

329.7 

863.6 

1193.3 

780.8 

mo. 00. 5135 

1.0562 

1-5697 

149 

txooai^iere)  >■  760'roms.  of  Hg.  by  dcf.  ■■  29.921  ins.  of  Kg.  «  14.696  ]bs.p>er  sq.  in. 
■  777.5  ft.-lbs.  per  B.t.u.  flog  ■»  2.89071];  A  —  i/J"  1.286  X  10  »;  144  .4  = 

,  tp.  vol.,  if  at  9  ^  0.0178  cu.  ft.  per  lb.;  x/rf  —  56.0  lbs.  per  cu.  ft.;  144  Aprf  = 

,  tp.  Tol.,  t'  or  »  —  0.0180  cu.  ft.  per  lb.;  x/p'  «  55.4  lbs.  per  cu.  ft.;  X44  Aprf  = 
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E   7.  —  PROPERTIES  OF  AMMONIA   (NH,). 
(Chap.  XXIV,  p.  997.) 
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T.\BLE   7.  —  PROPERTIES  OF  AMMOXL\    vXH,}. 

iCkap.  XXIV.  PL  997.) 
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TABLE  12.  —  PROPERTIES  OF  CaCIj 

(Qup.  XXIV.  p.  1009.^ 
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Abrasion  test,  135. 

Absorbing  power  of  reagents  in  flue  gas 

analysis,  520. 
Absorption  d>'namometers,  276. 
Alden  brake,  284. 

Brakes  employing  friction  of  liquids,  286. 
Prony  brakes  of  cfifterent  t>pes,  276-280. 
Absorption  system  of  refrigeration,  999. 
Accelerated  test  for  cement,  163. 
Acid  tests  for  oils,  245. 
Acoustic  current  meter,  403. 
Adiabatic  compression  of  dry  air,  956. 
Adulteration  of  oils,  243. 
Air  compressing  machinery,  types  of,  938. 
Air  compression,  adiabatic,  956. 
Air  compression,  combined  diagram  for 

multistage,  969.  . 
Air  compression,  efficiency  of,  965. 
Air  compression,  efficiency  in  multistage, 

972. 
Air  compression,  intercooler,  967. 
Air  compression,  isothermal,  955. 
Air  compression,  slip,  963. 
Air  compression,  temperature  rise,  957. 
Air  compression,  work  of,  954. 
Air  compressor,  cooling  of,  939. 
Air  compressor,  effect  of  clearance  in,  963. 
.Air  compressor  horse  power,  961. 
Air  compressor,  hydraulic,  947. 
.Air  compressor,  mechanical  efficiency  of, 

966. 
Air  compressor,  multistage,  967. 
Air  compressors,  piston,  938. 

I^ry.  939; 

Water  injection,  939. 

Wet,  939. 

Air  compressor,  Rateau  turbine,  946. 

Air  compressors,  rotary  or  positive,  942. 

Air  compressor  tests  (see  testing  of  air 

compressors). 

Air  compressor,  turbine,  945. 

Air,  dry,  characteristics  of,  949. 

Air,  dry  J  work  of  compression,  955. 

Air  horse  power,  966. 

Air  horse  power,  centrifugal  fan,  983. 

Air,  humidity  of,  950. 

.Air  lift,  1084. 

Air  machines,  for  refrigeration,  998. 

Air,  moist,  characteristics  of,  950. 


.Air,  moist,  work  of  compression  of,  958. 

Air,  physical  characteristics  of,  949. 

.Air  required  for  combustion  of  fuel  gases, 
858-860. 

Air  thermometer,  199. 

Air  thermometer,  corrections  for,  199. 

Air  thennometer,  directions  for  use  of,  200. 

Alcohol  fuel,  861. 

Alden  brake,  284. 

American  Boiler  Manufacturers'  Associa* 
tion  specifications,  143. 

American  Foundrymen's  Association, 
standard  specifications  for  testing 
gray  cast  iron,  149. 

American  Society  for  Testing  Materiab, 
specifications  for  cement,  163. 

Amencan  Society  of  Ci\Tl  Engineers  and 
American  Society  for  Testing  Ma- 
terials, standard  method  of  testing 
cement,  158. 

American  Waterworks  Association,  stand- 
ard specifications  for  cast-iron  water 
pipe,  151. 

Ammonia, absorption  in  water,  table,  1 109. 

Ammonia  compression,  wet  and  dry,  1021. 

.Ammonia  compressor,  1004. 

Anunonia  compressor  indicator  diagram, 
1021. 

Ammonia  condensers,  1007. 

Ammonia,  properties  of,  table,  1107. 

Ammonia,  weight  of  in  circulation,  1024. 

Amsler  polar  planimeter,  21. 

Analysis  of  coal, 
Ash,  505. 

Fixed  carbon,  504. 
Moisture,  502. 
Volatile  matter,  502. 

Analysis  of  exhaust  gases,  877. 

Analysis  of  fuel  gases,  868. 

Analysis  of  fuels,  500. 

Anemometer,  439. 

Anemometer  calibration,  440. 

Anemometers,  use  of,  441. 

Angular  deformation,  definition  of,  51. 

Approximate  formula  for  flow  of  steam 
through  orifices,  442. 

Approximate  method  of  determining 
chemical  analysis  of  coal  on  basis  of 
proximate  analysis,  507. 


i"5 


i 


.r'  r 


-•-11-: 


•    >■■.■•" 


^mr-.  -  .1- 


•    •     •■  I  _        I        .        . 


I    ir— . 


.'-.  r.-r     .    ' 


P    I   ■     •'•'^m~      ■         ■•  • 


•  ■       ■     «■ 


\:,.\r*'... -..■:. 


■vi.iHi- 


irf.'. '  ■ 


;  1  ^6r  :  .,.i 

'^rr^J  .;.  .r- 

l-*r-   .  r-  . 

".^  rr   i  ■ :  ^■** 

<aiii«-  .lI•.■.•.-- 
?«*^^■:       .J-  :     . 


-  v.-f  -r 

.-■. :      ■     ...  .r  T!i*r  -r      -" 

I"*"  ■ t»^ 

•■•-..   -:,-:   r      -»- 

•    .  .      i  ••  .  ••  •  •  r^ 


•   •    •  •' 

-1  ■  "T 

•  I         ... 

"    ...i" 


.!■ 


...m^.l 


T.-ET'      JL 


.1  .    .. 


■  1  «  •  K 

•  •  ■      ■        . 


tli^.i-i*r      ^r;:."'    ■«•;»:     f       ii.rr.i-      ^: 

^^rr.):     .,;..-  vi-r.-r     .  - 

ViTi!-      I.I  ; — i-r.-r       l::.  n-^     t    -t.- 


■  ■■■  iw««« 

"■rr      r    "iTrr    .-rrr-r 
.iiirpmi'.>'-ri    -r    'rri'  .r" 

•  bai  i       ••   ■■       la  'I  j<>^«l._>Z. 


r    .• 


:..-••        I 


r:    I    \  -•-I  r 


.vu 


■'-       -rt.   _-: 


if-    -   :;    r;.:r    ;rr:»-r-.ir-    r    :j.-.: 


-I'     -^ 


ij~.'-r.  -r    .1-:  "i..!  .n^£\tT   .i.* - 


INDEX 


1 1 19 


{2. 

xKess,  1033. 


engines,  1044. 
i,  1057,  1062. 
046-1048. 
imonia  plant. 


oading,  58. 

2. 

tion  of,  52. 

>n  dynamom* 

ig  gas,  444. 
isating  device 
215. 
listance  t>'pe, 

dstance  type, 

power  input 

ring  tempera- 


m  of,  466. 
mmeter,  578. 
tension  tests, 

475- 

±ine,  72,  78, 

on  of,  7. 
analysis    of 

lia,  996. 
jine,  685. 
engine,  670- 


tion  for  ideal 


Equivalent  elongation  in  tension  tests,  1 23. 

Ericsson  cycle,  348. 

Ericsson  engine,  926. 

Errors,  accidental,  4. 

Errors,  combination  of,  7. 

Errors,  experimental,  classification  of,  4. 

Errors  in  different  types  of  planimeters, 

40. 
Errors  in  engine  indicators,  595. 
Errors   in   engine   indicators,   discussion 

of  effects,  612-620. 
Errors  in  flue  gas  analysis,  530,  531,  538. 
Errors  in  weighing,  360. 
Errors  in  weir  measurement,  ejOtects-'Of, 

380.  ^^^-•' 

Errors  ofsiE^gla-^foServations,  5. 
Erroj»,'Tfiean^  5. 
^rors,  neglect  of,  10. 
Errors,  probability  of,  5. 
Errors,  systematic,  4. 
Ertel  current  meter,  402. 
Evaluation  of  indicator  diagrams  taken 

with  faulty  springs,  608-612. 
Evaporation,  factor  of,  722-724. 
Excess  air,  computation  for,  in  gas  engine 

tests,  880. 
Excess  coefficient,  flue  gas  analysis,  538. 
Exhaust  gas  analysis,  877. 
Exhaust,  heat  loss  in,  877-883. 
Exhaust    loss,   experimental   determina- 
tion of,  883. 
Expansion  and  fusion  pyrometers,  205. 
Expansion,  ratio  of,  645,  748. 
Experiments,  classification  of,  3. 
Explosion  recorder,  909. 
Extensometer, 

Bauschinger,  100. 

Boston,  106. 

Busby,  102. 

Combined  with  autographic  apparatus, 
107. 

Henning,  104. 

Johnson,  103. 

Kenerson  autographic,  1 10. 

Marshall,  105. 

Olsen,  106. 

Olsen  wire,  107. 

Payne,  102. 

Strohmcyer,  loi. 

Thurston,  103. 
Extensometer,  forms  of,  100. 
Extensometer  and  autographic  apparatus 

combinevl,  107. 
External  latent  heat,  definition  of,  334. 

Factor  of  evaporation,  722-724. 
Factor  of  safety,  dcfinilion  of,  53. 
Fairbanks  automatic  cement  tester,  96. 
Fan,  air  horse  [x^wer,  983. 
Fan  blowers,  943-945. 
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Qas  engine  diagrams,  inertia  effects  in, 

684. 
Gas  engine  diagram,  lower  loop,  678,  680. 
Gas  engine  diagram,  pump,  678. 
Gas  engine  diagrams,  abnormal  features, 

680-685. 
Gas  engine,  fluid  friction  loss  in,  678. 
Gas  engine,  friction  horse  power,  908. 
Gas  engine  fueb,  846. 
Gas  engine,  heat  balance,  920. 
Gas  engine^  indicated  horse  power,  901. 
Gas  engine  testing   (see   testing  of   gas 

engines) . 
Gas  meters, 

Dry,  434. 

Turbine,  436. 

Wet,  432. 
Gas  meter  calibration,  437. 
Gas  meter  capacities,  437. 
Gas  producer, 

Combination  plant,  853. 

Double  zone,  854. 

Down  draft,  854. 

Pressure,  851. 

Series,  854. 

Suction,  851. 
Gas  producer  efficiency,  903. 
Gas  producer,  figure  of  merit,  904. 
Gas  producer,  heat  balance,  899-903. 
Gas  producer  testing  (see  testing  of  gas 

producers) . 
Gas  producer,  types  of,  850. 
Gas  thermcimetcr,  theory  of,  196. 
Gases, 

Atomic  weight,  855. 

Density,  855. 

Specific  weight,  855. 
Gases,    hydrocarbon,    table   of   contents 

for,  858. 
Gases,  pressure  and  volume  changes, 

Adialmtic,  330. 

Constant  pressure,  329. 

Constant  volume,  330. 

Isentropic,  330. 

Isothermal,  330. 

Pr^  =  constant,  331. 
Gases,  table  of  constants  for,  857. 
Gases,  table  of  mean  specific  heats,  469. 
Gasometer,  430. 
Gauge  calibration,  188. 

By  comparison  with  mercury  colunm, 
189. 

By  comparison  with  other  gauges,  188. 

By  comparison  with  standard  weights, 
190. 
Gauges,  corrections  for,  192. 
Gauge  syphons,  185. 
Gauges,  pressure, 

Bourdon,  181. 

Diaphragm,  182. 


Gauges  (canHnued)^ 

Draft,  175,  181. 

Recording,  185,  186,  187. 

Vacumn,  185. 
Generators  used  as  brakes,  317. 
Graphical  representation  of  experimental 

results,  12. 
Grashof's  formula,  flow  of  steam,  452. 
Gumming  or  drying  tests  for  oils,  245. 

Bailey's  apparatus,  245. 

Nasmyth's  apparatus,  245. 
Ha5(Mer  test,  135. 
Hammond  water  weigher,  384. 
Hand  speed  counter,  227. 
Hardening  test,  135. 
Hardness  test,  136. 
Head  of  water  over  weirs,  372. 
Head  on  weirs,  measurement  of,  378. 
Head  pumped  against,  centrifugal  pump, 

1074,  1075. 
Head  pumped  against,  steam  pump,  774. 
Heat  analysis,  799. 
Heat  analysis  applied   to  multicylinder 

engines,  806. 
Heat  balance  for  boiler,  721. 
Heat  balance  for  gas  engine,  920. 
Heat  balance  for  gas  producer,  899-903. 
Heat  balance  for  hot-air  engine,  935. 
Heat  babnce  for  steam  engine,  731. 
Heat  chart,  337. 

Heat  diagram  for  steam,  use  of,  337. 
Heat  efliciency  of  injector,  835. 
Heat  lost  in  exhaust  of  gas  engine,  com- 
putation of,  877-883. 
Heat  ol  combustion,  466. 
Heat  of  the  li(iuid,  definition  of,  334. 
Heat  transmission,  coefticients  of,  table, 

lOII. 

Heat  unit,  325. 

Heating  value,  fuel  gases,  858. 

Heating  value  of  fuels,  by  computation, 

510. 
Heating  value  of  fuels,  determination  of, 

505. 
Heinz  apparatus  for  gas  analysis,  871. 

Heisler  impact  testing  machine,  94. 

Hempel  fuel  calorimeter,  473. 

Henning  extensometer,  104. 

Hersey  rotary  meter,  390. 

Hersey  torfcnt  meter,  387. 

Hess  testing  machine  for  friction  of  ball 

and  roller  bearings,  272. 
Higher  and  lower  heating  value  of  fuels, 

467. 
Him*s  anal>'sis,  790-806. 
Hoadley  calori metric  pyrometer,  208. 
Hoadley  draft  gauge,  181. 
Hoadley  steam  calorimeter,  554. 
Holbom  pyrometer,  216. 
Hook  gauge,  378. 
HopkinsoD  optical  indicator,  640. 
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mgines,  783. 

;ter,  212. 

i  of,  860. 
ncter,  573. 
leter,  564. 
202. 
quality    and 

5- 

(see   standard 

ng     efficiency 

aper,  14. 

id  soot  deter- 

/alves,  flow  of 

»2. 

.  engines,  678, 
386. 


472. 


909. 

speafications 
141. 

specifications 
th  plate  and 

specifications 

ts,  119. 


animeter,  29. 
,  469. 
velocity    in 

97. 

,  in  materials, 

in  materials, 

rimetry,  443. 
determining 

t  tube,  441. 
iri  meter. 442. 
ime  displacc- 

ssification   of 


Measurement  of  gases  by  means  of  orifices, 
theoretical  velocity  attained,  and 
weight  discharged,  419. 

Measurement  of  liquids  by  means  of 
nozzles,  368. 

Measurement  of  liquids,  gases,  and  vapors, 

356. 
Measurement  of  pressure,  168. 
Measurement  of  speed,  227. 
Measurement  of  strain,  99. 
Measurement  of  torsion  and  deflection, 

III. 
Measurement  of  vapors,  classification  of 

methods,  445. 
Measurement  of  vapors  by  determining 

average  velocity,  453. 
Measurement   of   vapors   by   means   of 

orifices,  446. 
Measurement  of  vapors  by  weighing,  445. 
Measurement  of  water  by  means  of  ori- 
fices, 361. 
Measurement  of  water  by  weighing,  357. 
Mechanical  equivalent  of  heat,  325. 
Mechanical  refrigeration,  theory  of,  992. 
Mercury  and  alcohol  thermometers,  202. 
Mercury  columns,  172. 
Mercury  column,  corrections  for,  173. 
Mercury    thermometers,    calibration    of, 

220. 
Mercury  thermometers,  rules  for  care  of, 

204. 
Mesur6  &   Nouel   p>Tometric   telescope, 

217. 
Metallic  pyrometer,  205. 
Meter  prover,  432. 
Methods  of  testing  materials,  115. 
Methods  of  testing  cement,  158. 
Micrometer,  43. 
Micrometer  caliper,  44. 
Micrometer  screws,  accuracy  of,  43. 
Minor  tests  for  materials,  134. 
Mixed  flow  turbine,  1059. 
Modulus  of  elasticity,  definition  of,  52. 
Modulus  of  rigidity,  61. 
Modulus  of  resilience,  definition  of,  52, 

61. 
Modulus  of  rupture  in  torsion,  62. 
Modulus  of  rupture  in  transverse  loading, 

59. 
Modulus  of  shear  elasticity,  61. 

Moist  air,  characteristics  of,  050. 

Moisture  in  steam,  direct  determination 
of,  567. 

Mollier  diagram,  337. 

Morin's  rotation  dynamometer,  293. 

Morin  dynamometer,  calibration  of,  295, 

Morse  thermo  pauRC.  216. 

Mosscrop  speed  recorder,  230. 

Motors  used  as  transmission  dynamome- 
ters, 316. 
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Pressdc  cxiu!c  sir  murnxKCs*.  ^^*' 
PreasuiT.  steksunezaesi  re.  i»S^ 
Pressure  sures  ir  mrbanesi.  Sii- 
Pressane  ;2i::i5-  :r- 
PiizxuuT  smssstes^  affmiujc.  cc 
Prc>baifiLT\-  of  err.-cs.  c, 
Pioducrr  see  cts  pr^-ooctr 
Prod-jcer  ris  aaihs&    lee  cii 
Producer  cxsl.  cukZ-HT?-  ttujuV  ; 

of  rjtl,  Sfk^. 
Producer  caS.  tb^.Tr>-  oc'  raiz-iiiacTaiT,  n*7. 
Pncmy  bnkc.  ccv^izxi:  i2>d  harodiioBL  iSi. 
Prony  brait.  iesurr  cif.  -S^ 
Prooy  bri'tes.  r"r>-r5o. 
Propelter  fin.  i*^^. 

Properties  .>:  srcs-n.  i^bies  oi.  loo^-iooS. 
Ps>*ciinKDeter.  05  r. 
PiUsomeser.  :d?o. 
PulsoznetfT.  tr^dcucy.  loSz. 
Pump  hrake,  :SiS. 
Pumps.  cecthrucAL  looS. 
Pump  diacnm  iar  cms  CBcisc&.  67S. 
Pump  cSkcxncy  ol  icVectcff.  $54- 
Pump  horse  pover.  bot-air  encixxs^  055. 
Pump.  Humphir>-   intenil  combostkn. 

Pump,  jet,  1041. 

Pump,  poeumatic  dispboement.  loSo 
Pump.  redprDcatiiic.  1007. 
Pump,  rotarv-.  1067. 
Pump,  turbine.  lobS. 
Pumping  b>*  comprcsed  air.  10&4. 
Pumping  eneine.  testing  of  \see  standard 
method  of  conducdng  duty  trials  oC 
pumping  cnginesr. 
Pimdiing  test.  135. 
IVrometers. 

Bristol.  214. 

Caiorimetric.  206. 

Ekctric.  212. 

Expansion.  205. 

Fcry  absorption.  216. 

Fery  radiation.  217. 

.  Fusion.  205. 

Hcadle}'.  2o3. 

Hokbom.  216. 

LeChatelier.  212. 

Liquid  pressure.  202. 

Mesur6  &  Noud,  217. 

Metallic.  205. 

Morse.  216. 

Optical.  216. 

Radiation.  216. 

S^ger  cones.  206. 

Vapor  pressure.  201. 

Wanner,  216. 

Wedgewood,  205. 

Quality  cur>'cs  on  combined  steam  en- 
gine diagram,  666. 
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Radial    OKiw^ari    Sv^tn    rci^riKc:    lurtumc. 

Raiutxin  kiss  frvcn  $:eur.  <npn«k  ^. 
RadiitioiD  nTe.  oc:ciTr.mai>on  cc\  for  )ueil 
CAjorlToe:«.  4~r.  4>c. 

•  ^^«  ^^^    H^  ^ 

Rankxne's  v>r»  les^iQi:  xnadunc.  4>Tkaink 
ap;um;2$s  Tx*. 

Rankine'<    cqI    ic«^ir«j:    machine,    ataxic 

a$^5xaratu5>.  ^5^. 
RansoQ  chi\>no<rra{\h.  cju- 
Raieiu  turbine,  S:r. 
Rateau  tiirbine  cv«Qpress«.Y,  o^C^ 
Ratio  of  e\7>an5ion.  ^45,  ^4^ 
Reaction  i>-pe  oi  ^leam  lurWne,  Sc^ 
ReaciSon  water  lurtsne.  105,;. 
Resgents  tor  due  pis  analx^iii.  517-520^ 
Reciprocating  pump?,  ^007. 
Recording  gaizgvs.  1^5. 
Rectangular  xi-eir.  tb<\>i>-  of.  572. 
Reducing  motion  £or  indictiorss  021, 
Reducing  whe>ek,  ^.;c^-^J;:. 
RediKtion  of  area,  detiniticn  of«  52. 
Refx'aptorativin.  057. 
Retrigerating  agents.  o>H- 

.\innKinia.  004. 

Carbonic  acid.  004. 

Ethyl  and  methyl  chloride,  O04« 

Pictei  duid.  004. 

Sulphuric  ether.  004. 

Sulphurous  acid.  004. 
Refrigerating  e:Tov"t,  102S. 
Refrii;:erating  machine,  cx^mpivssor  borw 

power.  lo^v;?. 
Refrigerating  machine,  simple  t\-pe,  oojl. 
Refrigeratir^  machine. 

Air.  ooS. 

Ammonia  absorptii>n.  000. 

Vacuum  process.  1001. 

Vapor  comprcssiiw.  loo^^ 
Refrigerating  machines,  classilk^ation  of, 

007- 
Refrigerating     machines,     cajvicity     ^^, 

1027. 
Refrigerating  machines,  ruttng  of,  1027. 
Refrigeration    cycle,    actual    tV%r    xinx-^r 

compression  machine,  icio. 
Refrigeration.  i\x>ling  etTc\*l,  102S. 
Refrigeration,  cxx^ling  sx-siems,  1007. 
Refrigeration  cycle,  ideal,  fvv  \'a|)or  ixww 

prcssi<:>n  machine,  1012. 
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Refrigeration,     mechanical.     tlieor>'     of, 

00  .^ 
kitfrigeralion  process,  actual  efficiency  of, 

loig. 
kffriKcration.  tonnaf^c,  1028. 
Kif^ulation  tests  for  steam  engines,  727. 
Reservoir   methcxl    of   measuring   gases, 

437- 
Resilience,  mwlulus  of,  52,  61. 

Resistance  thermometer.  210. 

Riehld  cement  testing  machine,  99. 

Kiehld  compression  micrometer,  in. 

Riehl6  material  testing  machines,  70,  84, 

90,  QO. 

Riehl6  oil  testing  machine,  262. 

Rigidity,  mofiulus  of,  61. 

Ringelmann's  smoke  chart,  541. 

Risdon-Alcott  turbine,  1060. 

Road  tests,  locomotive,  786    . 

R(k1  floats,  308. 

Roller  plantmcter,  35. 

Rotar>''  pumps,  1067. 

Rotao'  pumps,  testing  of,  1077. 

Rules  for  conducting  boiler  trials.  Am. 

Soc.  Mech.   Eng'rs.   Code  of    1899, 

692-707. 

.-Mtematc  method  of  starting  and  stop- 
ping. 605- 

Boiler  etl'iciendcs,  600. 

Calibration  of  app>aratus.  693. 

Character  of  coal.  (>q2. 

Duration  of  test,  694. 

Kxamination  of  boiler,  692. 

riuc  gas  analysis,  008. 

Kuel  analysis.  098. 

Heat  Uilance,  700. 

Kev*p"^>^  the  rciords.  fK>t>.    . 

r*rcjwration  oi  holler  and  connection. 

00s  ■ 
Rei>ori.  701. 
Sampling  axil.  007. 
Smoke  obscr\ations.  boo. 
StanUanl  methcxi  oi  ^^tarting  and  slc^ 

ping,  tHj5. 
Starting  and  stopping  lest,  004- 
Treatnient  of  ashes  and  rviuse,  607- 
Uniformity  of  conditions.  005. 
Rules  for  conducting  steam  engine  tests. 

A.S.M.K.  C\»de  oi  locr.  73 r. 
Calibration  of  instruments.  734- 
Ctxil  used.  734. 

Complete  ciigine  and  boiler  test.  73S. 
CondiliiMi  of  plant.  73-- 
Duration  of  test,  737- 
Indicutetl  horse  j^nvcr.  74-'- 
Imlicated  diagrams.  74r-"53- 
MnsuremcDt  of  coal.  741. 
ttM*Kiirt*nicnt  of  feed  water,  t^d. 

enient  of  heat  units  used.  730. 
r  tMt.  7ii. 


Rules  for  conducting  steam  engine  les*^, 
A.S.M.P2.  Code  of  1902  {continuid  . 
Quality  of  steam,  745. 
Report  of  tests,  755-773. 
Standardsof  economy  and  efficiency,  753. 
Standard  heat  test,  737. 
Starting  and  stopping,  737. 
Steam  used  by  auxiliaries,  741. 
Uniformity  of  conditions.  747. 

Salinometer,  ioio. 
Sampling  of  coal  for  analysis.  501 . 
Sarco  carbon  dioxide  reconler,  52g. 
Saturation   cun'e,    ammonia   ct^mpresjor 

diagram,  1023. 
Saturation  cur\'e  for  steam,  consinjcti^n 

of,  650. 
Saturation    cur\-e    on    combined    s:t-m 

engine  diagram,  665. 
Saving  due  to  c>-b"nder  jackets  and  ir.icr- 

cooler  in  multistage  compre^=>!<.r..  ,7;. 
Scale  of  indicator  springs,  dctennmitii  a 

of,  608. 
Schaetler  &  Budenberg  recordinjr  ;:aLzf 

186. 
Schaeffer  &  Budenberg  tachf'meier>,  ::^. 
Scleroscope  for  testing  hardness,  i-. 
Sccondar>'  stresses,  definition  oi.  ?;. 
Seger  cones,  206. 

S^arating  calorimeter,  formula  f'.ir.  5-:. 
Separating  steam  calorimeter,  yj--—.. 
Separating  steam    calonmeter^.  niihod 

of  use,  574- 
Series  pniducer.  S54. 
Shear,  dinvt.  01. 
Shear,  elasticity.  mc<:^I«s    f   - :. 
Shear,  horizontal     ar.i     -.  rr>.  ■^.     "-••- 

verse  laaairc.  50. 
Shear  tests,  i_;r. 

Shearing  stress.  Jer.r.::;  ■-    ■:    .- : 
Shop  tests.  Kvc-oj'.ivrf    -v 
Sieben-Klih::  i^'p^ir-t^s  ::.r  r— -  '-'-  ■'^ 

S-5. 

Sinc'it-sujre  irr^-J^sc  :  _-■. . :..£ .  •  .r 

•ill. if-   •"I.        -  - 

Shot  rji'ic.  dire:*J:«rj-  :  .»r  ---:<>-■•    :- 
Slip  :-  LIT  r.'r::r«r-:«?.?i»:c.    :•:  -^ 

Sn>;»kt  .-ii  •f'^-  --;  -'i-iT-^    r , j ' 

Sfierifj;  cn-.-.n  :c  rsrzni^.L   ::• 
Soec:5c  bsLi.  ji":;r_-ii  1:   .ti   -. /- 

>pecdi>r    iicti     insu^u^it.iL;?.        ■;.:.  -..t 

Speac  biu.:  .1:  in:>st.  .s*  .v-jsr.- 
SpeiiSc  bex:  n:  :.rvpci..  TiTt  t--i.    :■'■■-> 
cez.  f'.z..    H«  5:t-.nti:   hl*.:    j:  ^-c^r 
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Spedfic  heat.  mean,  definition  of.  335. 
S(>ecidc  weight  ot  gases.  855. 
Specifications,    standard,    lor    materials 
(see  under  name  ot  society  or  associa- 
tion issuing  same;. 
Speed  indicators.  22g. 
Speed  v-ariation  within  a  revolution.  235. 
Standard  coal,  locomotive  test,  787. 
Standard    method    of    conducting    duty 
trial  of  pumping  engines.  A.S^I.E. 
Code.  777. 
Arrangement  and  use  of  instruments 
and  other  pro\-isions  for  test,  78 2. 
Data  and  results.  784-7S6. 
Directions     for    obtaining    feed-water 

temperatures.  778. 
Directions    for    measurement   of    feed 

water,  778. 
Leakage  test  of  pump,  783. 
Main  duty  trial.  780. 
Test  of  feed- water  temperatures.  777. 
Standard  method  of  conducting  ethciency 
tests  of  locomotives,  A.SJVI.E.  Code, 
788. 
Preparations  for  test,  788. 
Road  test,  795. 
Shop  test,  791. 
Steam  accounted   for  by   indicator  dia- 
gram, 653. 
Steam  calorimeters,  classification  of,  545. 
Steam  calorimeter,  condensing.  548. 
Steam    calorimeter,    condensing,    water 

equivalent  for.  549. 
Steam  calorimeters,  comparative  values 

of.  578. 
Steam  chest  and  steam  pipe  diagrams.  675. 
Steam  consumption  of  perfect  engine.  731. 
Steam,  dry  saturated,  definition  of.  543. 
Steam  en.:^ne,  capacity  test.  726. 
Steam  ensjins.  Camot  efl5cienc>-,  729. 
Steam  engiae,  cylinder  efficienc>'.  729. 
Steam  engine,  economy  test,  726. 
Steam  engine,  efficiency  standards,  728. 
Steam  engine,  heat  balance,  731. 
Steam  engine  indicator, 
Bachelder,  588. 
Crosby,  586. 
Crosby  continuous  with  external  spring, 

591- 
Starr  with  external  spring.  591. 

Tabor  with  external  spring,  590. 

Thompson  with  external  spring.  590. 

Steam   engine    indicator,    apparatus   for 

testing  various  adjustments.  615-620. 
Steam  engine  indicator,  attachment  to 

cylinder,  620. 
Steam  engine  indicator,  care  of.  636. 
Steam  engine  indicator,  continuous.  593. 
Steam  engine  indicator  diagram,  form  of 

expansion  line,  647. 


Steam  engine  indicator  diagram,  general 
discussion  of  events,  O42-O45. 

Admission  line,  O43. 

Admission  pressure,  044, 

Atmospheric  line.  643. 

Back  pressure  line.  O44. 

Boiler  pressure  line,  O43. 

Clearance  line.  643. 

Compression  line,  644. 

Cut-od  pressure.  644. 

Exhaust  line.  644. 

ELxpKmsion  line.  644. 

Initial  pressure.  644. 

Mean  back  pressure,  644. 

Mean  forward  pressure,  644. 

Point  of  admission.  643. 

Point  of  cut-off.  643. 

Point  of  exhaust  closure,  644. 

Point  of  release.  644. 

Ratio  of  expansion,  645. 

Release  pressure,  644. 

Steam  line,  643. 

Terminal  pressure.  644. 

Vacuum  Ime,  643. 

Wire  drauing.  645. 
Steam  engine  indicator  diagram,  measure- 
ments from,  645. 
Steam  engine  indicator,  early  forms  of, 
582. 

Richards,  583. 

Watt  &  McXaught.  5S2. 
Steam  engine  indicator,  electric  attach- 
ments. 035. 
Steam  engine  indicator,  errors  in,  594- 

597. 

Steam  engine  indicator,  methods  of  con- 
necting up.  632-635. 

Steam  engine  indicator,  piping  for.  020. 

Steam  engine  indicator,  uses  of.  580. 

Steam   engine   indicators,   small   piston, 

59-'. 
Steam  engine  indicators,  large  and  small, 

593- 
Steam   engine   indicators   with   external 

springs.  588. 

Steam  engine,  radiation  loss.  805. 

Steam  engine,  regulation  tests.  727. 

Steam  engine,  testing  of  (see  rules  for 
conducting  engine  tests). 

Steam  engine  testing,  calorimotric  meth- 
ods. 700. 

Steam  engine,  thermal  etTicienty.  72S. 

Steam  engine,  thermodynamic  etVicienc>*, 

72Q. 

Steam  meter. 
Bumham.  454. 
Eckhardt.  457. 
Float.  460. 

Gehre  rea)rding,  459. 
General  Electric  Co.,  455. 
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Tension  tests,  equivalent  elongation,  123. 
Tension  tests,  form  of  test  piece,  115. 
Tension  tests,  laying  off  gauges,  119. 
Tension  tests,  report  on,  124. 
Tension  tests,  wedge  adjustments,  12a 
Test  pieces  for  compression  testing,  125. 
Test  pieces  for  special  materials. 

Cast  iron,  117. 

Chains,  118. 

Hemp  rop>e,  118. 

Wire  rope,  118. 

Wood,  117. 
Test  pieces  for  tension  testing,  form  of, 

Test  pieces  for  torsion  testing,  1 29. 
Test  pieces  for  transverse  testing,  1 26. 
Test  specimens  for  cement  testing,  161. 
Tests  and  specifications,  special,  138. 
Tests  for  building  stone  and  brick,  152. 
Tests  of  cements  and  mortars,  156. 
Tests  of  [xiving  materials,  stones,  ballast, 

natural  and  artificial,  155. 
Testing  machine  accessories,  99. 
Testing  machines,  67. 
Testing  machines,  cement, 

Fairbanks,  96. 

Olsen,  99. 

Riehl6,  99. 
Testing  machines,  tension,  compression 
and     transverse,     compound    lever 
machines,    70. 

Differential  lever  machines,  69. 

Direct-acting  hydraulic,  71. 

Emer>',  72,  78-82. 

Fairbanks,  70. 

Frame  of,  75. 

General  types  of,  68. 

Hydraulic  press,  67. 

Kellogg- Johnson,  71. 

Maillard,  72. 

Olsen,  70,  86. 

Power  system  of,  76. 

Riehl^,  70,  84. 

Riehl^  hydraulic,  70. 

Shackles  and  clamps,  68,  76. 

Simple  lever  machines,  69. 

Thomasset,  69. 

Thurston,  Polmeyer,  67. 

Weighing  system  of,  74. 

Werder,  71. 

Wickstead,  Martins,  Buckton,  69. 
Testing  machines,  torsion, 

Olsen  power  torsion,  91. 

Riehl6  power  torsion,  90. 

Thurston,  86. 
Testing  of  belts. 

Coefficient  of  friction,  323. 

Efficiency  of  transmission,  323. 

Initial  tension,  321. 

Methods  and  computations,  32a 


Testing  of  boilers  (see  rules  for  conducting 

boiler  triab). 
Testing  of  boilers,  notes  on  rules,  71a- 
724. 

Ash  determination,  718. 

Boiler  efficiencies,  719-721. 

Boiler  leakage,  712. 

Factor  of  evaporation,  722-724. 

Graphical  log,  715. 

Heat  balance,  721. 
Testing  of  cements, 

Constanc>'  of  volume,  163. 

Fineness,  159. 

Normal  consist enc>',  159. 

Specific  gravity,  158. 

Strength,  163. 

Time  of  setting,  160. 
Testing  of  centriiugal  fans,  986. 

Determination  01  humidity,  951. 

Measurement  of  velocity  and  pressure, 

987. 

Power  input,  986. 

Power  output,  987. 

Scope  of  test  and  report,  988-991. 

Volume  of  gas  delivered,  987. 
Testing  of  centrifugal  pumps,  1077. 

Head  pumped  against,  1078. 

Length  of  run,  1078. 

Power  input,  1077. 

Power  output,  1078. 

Quantity  of  water  pumped,  1077. 

Scope  of  tests  and  rcfwrt,  1079. 
Testing  of  gas  engines.  905. 

Apparatus  required,  907. 

Calibration  of  instruments,  906. 

Determination  of  principal  dimensions, 
906. 

Duration  of  tests,  906. 

Examination  of  engine,  905. 

Observations    and    calculations,    907- 

Report,  9 1 3-9 1 Q. 
Starting  and  stopping,  906. 
Testing  01  gas  producers,  891. 
Conducting  trial,  893. 
Data  and  results,  895-899. 
Duration  of  trial,  892. 
Object  of  test,  8qi. 
Observations  and  calculations  required, 

893- 
Starting  and  stopping,  892. 

Testing  of  hot  air  engines,  933. 

Analysis  of  fuel,  934. 

Analysis  of  waste  gases,  934. 

Computations  and  report,  934. 

Heat  balance,  935. 

Indicated  horse  power,  933. 

Measurement  of  fuel  used,  933. 

Other  observations,  934. 

Pump  horse  power,  933. 


II30 


LNDEX 


Testing  of  hydraulic  nun,  1040. 
Testing  of  injecti:>r3.  8.35. 
Testing  of  insulation.  loii. 
Testing    of    locomotives     see    atandaxd 
n«tho«i  of  conducting  emdcncy  testa 
of  lo«:omotives  • . 
Testing  of  materiuis.  methods  of.  115. 
Testing  of  oils. 
Acid,  245. 
.\duiteration.  24.3. 
Burning  p«)int.  256. 
Chill  point,  254. 
Density.  240. 
Dumbility.  267. 
FUkah  point.  254. 
Friction.  250. 

Gumming  and  drying,  245. 
^Tsosity.  248. 
Volatility.  25^). 
Testing  of  piston  air  compresBor» 
Air  horse  power.  ^7.3. 
.\rrangements  for.  (>7,5. 
Computations  for  test.  977 
Power  input.  07.3. 
Report,  977-<>8o. 

Weight  of  volume  of  air  handlrd,  973- 
976. 
Testing  of  pimipfng  engines '  -xe  itaadaid 
method  of  conducting  duty  trials  of 
pumping  engines;. 
Tesdng  of  rotary  piunps.  1077. 
Testing  of  steam  boilers   \stt  mki  tor 

conducting  boiler  trials;. 
Testing  of  :iteam  engines  >  iee  nxles  for 

condncring  ateam  engine  tests-. 
Testinir  of   •iteam   pumps    see   standard 
met.hixi  '}i  ■•',n«f-.:i:iiiii;  duty  trials  of 

Testir.'.r  ■>!*  aieam  virbines. 
Cla  *.-*i*:.-«  'imciuni.y    izi. 
Currpii'.i.*i<-n5.  "^i  ;. 
Cy[:nii,:r  -:n«:i«.'ni-;.  .  S21. 
F!e«.T.ri«..il  hi  rn:  L^wer.  Srg. 

Poten*-i;i:  •.'r:'-<  :en«  y.  .S21. 
Therr.ai  •:'':«::cr.t:y    820. 
Test i  "1:  A  '  L r  .4 ..  r  • . -> n p  ression  refrigerating 

Comprr-^.r  an«i     rine  mover.  1029. 
il'ornr.''-'  •.■:«in  jf  r:->r;.i".i.  ic?;. 

■J  *^ 

L-^'l'.T.    [1:3. 
Wm.C.  •■■;i!.ir:.  .:    13;:  ;. 
Rj:.'r    :r::  ::::.  id;.:,  ioc:- 
Te-tir.i:    :   v.-.-r  t:*  r.  ri.  :rc2. 

P"  ■■■-•r  :-:•  :.'  pel.  1304. 

Rt!:-*  r  ir.<:  ii^mpuMtions.  1065. 

Sp-e!.::  ar.ii  j.i*.-:   •r<;:::n:x.  rod 5. 


Testing  of  water  mrtora  (cantinmei^. 
Votumc  'jT  xriight  of   Toier  iJ-LLum 

ICC;. 

Thalpotasimeter.  2c  i. 

Thatcher  rule.  li. 

Theoretical  head  produced  by  iiz.  :ir 

Theoretical   ^xiodtv  «jx   iiean  fran  -.ze 

heat  chart.  +47 
Theoretical  veiocicv  of  iteaia  ±  :ti£cs. 

44b. 
Thermocouple  pyromryprs.  212. 
Thermiimeters,  19J, 
Thermometer. 
Air.  199. 
.\lci>hol,  202. 
Electric  resistance.  21c 
Employing  liquvis.  201. 
Employing  solids.  2^2- 
Gas.  L96. 
Mercurv.  202. 
Thenni^meter  calibratit>a.  2:9. 
Thennometric  maXenals.  193. 
Thermomctric  scales.  195. 
Thermometric  standards,  195. 
Primary.  196. 
Secomlary.  iq6. 
Thomas    electric    superiiearrng    cakthiz- 

etcr,  566. 
Throttling  calorimeter.  scxs-fOf. 
Throttling  calorimeter   comp-:ira:i':>r.5. 

graphical  solution.  5^3. 
Throttlmg  calnrimrrrr  rrQin  pipe  cttic£». 

565. 
Throttling  calorimeter,  thetn,     f.  5-j 
Thurst'.m  oil  testing  ma'.'hine.  ■iirct.tinj 

fcT  uae.  2C4.  i<:f:. 
Thurston  oil  testing  marhirie    theory.-  A. 

261. 
Thurston  railrojxi  lubricant  lester.  zy^. 
Thurston  standard  -^il   te?tin:r   ^Liczine, 

256. 
Tieftrink  apparatus   for   t.ir  determisa- 

tion.  "JSr-. 
Time  for  emptying  tanks.  55-3. 
Time  ■)f  set: in;?  for  cements.  I'ro. 
Tannage  in  refrigeration.  1025. 
Torsion  d>'n.imonieter   fijr   solid   shafts, 

312. 
Torsii^n  d>-namometers.  301^. 
Ti-rsion  Uxiding.  formuiis  f*:r.  *^i. 
Torsitjn   dieters     see   torsion   ttvTLimom- 

eter? 
Torsion   test  machines     sec   testinir  ma- 

•:aines  . 
Torsion  tesL*.  ■lirections  f.>r.  w-ith  Thurs- 
ton Aut'Dtrrapmc  machine.  131 
Torsion  tests,  directions,  with  Riehle  or 

Olsen  maciiine.  120. 
Torsion  tests,  form  of  test  Diece.  120- 
Ti.^tal  heat  in  vapoKs.  dednitioa  of.  334. 
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Traction  dynamometers,  292. 
Transmission  dynamometers,  general 

types,  293. 
Transverse  loading,  elastic  curve,  58. 
Transverse  loading,  formulas  for,  57. 
Transverse  loading,  neutral  surface  in,  58. 
Transverse  tests,  directions  for,  127. 
Transverse  tests,  form  of  test  pieces,  126. 
Transverse  tests,  report  on,  127. 
Transverse    test    machines    (see    testing 

machines) . 
Trapezoidal  weir,  377. 
Triangular  weir,  376. 
Tumlirz  equation,  344. 
Turbine  compressors,  945. 
Turbine  gas  meter,  436. 
Turbine  pumps,  1068. 
Turbines,  water  (see  water  turbines). 
Two-cycle  gas  engines,  844. 

Ultimate  strength,  definition  of,  52. 
Undershot  wheel,  1048. 
Unit  of  electrical  power,  definition  of,  276. 
Unit  of  heat,  325. 
Unit  of  power,  275. 
Unit  of  refrigeration,  1028. 
Unit  of  work,  275. 

Universal  or  combination  steam  calorim- 
eter, 577. 

Vacuum  gauges,  185. 

Vacuum  process  of  refrigeration,  looi. 

Van  Winkle  power  meter,  305. 

Vapor   compression    refrigerating    cycle, 

actual,  1 01 6. 
Vapor   compression    refrigerating    cycle, 

ideal,  1012. 
Vapor  compression  system  of  refrigera- 
tion, 1003. 
Vapor  cycles,  351. 
Vapor,  pressure  and  volume  changes  in 

Adiabatic  (isen tropic),  344. 

Constant  pressure,  343. 

Constant  volume,  344. 
Vapor  pressure  pyrometers,  201. 
Vapor  tables,  335. 
Vaporization,  333. 
Vaporization, 

External  latent  heat,  334. 

Internal  latent  heat,  334. 

Latent  heat  of,  334. 

Total  heat  of,  334. 
Veeder  tachometer,  230. 
Velocity  of  approach  in  weirs,  374. 
Velocitv  of  water,  measurement  in  chan- 
nels and  streams,  397. 
Velocity  of  water,  measurement  in  pipes 

and  conduits,  406. 
Velocity  changes  in  turbines,  812. 
Velocity  water  meters,  387. 


Venturi  meter,  369,  392. 

Venturi  meter,  theory  of,  370. 

Venturi  meter  used  for  measuring  gas, 

443- 
Venturi  tube,  369. 

Vernier,  the  use  of,  20. 

Vernier  caliper,  42. 

Vertical  water  wheels,  1045. 

Viscosimeter, 

Gibbs,  249. 

Perkins,  250. 

Stillman,  250. 

Tagliabue,  249. 
Viscosimeter,  other  forms  of,  252. 
Viscosimeter  with  constant  head,  250 
Viscosity  of  oils,  248. 
Volatility  tests  for  oils,  256. 
Volume  relations  in  combustion,  465. 
Volume  water  meters,  389. 

Wanner  pyrometer,  216. 

Waste  detection  meters,  392. 

Water  equivalent  for  bomb  calorimeter, 

475,  478. 
Water  equivalent,   condensing   calorim- 
eter, 
Water  meter,  calibration  of,  396. 
Water  meter  capacities,  388-392. 
Water  meters,  classification  of,  385. 
Water  meters. 

Current,  387. 

Gem  inferential,  388. 

Hersey  rotary,  390. 

Hersey  torrent,  387. 

Hot  water,  394. 

Inferential,  387. 

Nash  disc,  391. 

Open  type,  386. 

Piston,  393. 

Positive,  393. 

Siemens,  386. 

Velocity,  387. 

Venturi,  392. 

Volume  or  capacity,  389. 

Waste  detection,  392. 

Worthington,  394. 
Water  pressure  engines,  eflfidency,  1044. 
Water  turbine,  1052. 
Water  turbine, 

Center  vent,  1059. 

Foumeyron,  1056. 

Francis,  1059. 

Impulse,  1053. 

Jonval,  1059. 

Mixed  flow,  1059. 

Parallel  flow,  1059. 

Radial  inward  flow,  1059. 

Radial  outward  flow,  1056. 

Reaction,  1053. 

Risdon-AIcott,  io6a 
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Wix.so?f — Air  C-jQiiitioning   .  .  l2xno.  51  50 

WoBCKSTSK  on  J  Atkin'S4}n — Sm.iII  Ho5pi:;&I:$.  Edtabli^hnxent  aad  M^inte- 
3aRc«.  Sttggt»tioi»  for  r£oapi:al  Ar-bi  tec  tuns.  -wizb.  Plana  for  a  Saiall 
H-jsThto: ...  .  l2no.     1  25 


ASSAYING. 

BxTTS — Lead  R-dniruj  zr  Electr-^r/sis  >vo.  4  00 
Plxtcusz — Priir'.icji  Lrstrri.::ion!»  •.::  QuAs'itiCiv*;  .\j8a>-.2<f  ■■riih  the  BIo"*"- 

pice.                                                                                                      l<ico.  rri'jr..  1   3 J 

FraM.\>s  or. :  ?.^ao<-E  —  Mxr.-ijl  .t  Pra:v.cjL  Xmar.r.^.                                  Svj.  3  OO 

Lod*.;e — N  :ttfs  ""c  .Visa y.ntf  and  MtftAi.'ir-^cal  LAr«:ru::ry  E\per:se=ts   Sv>.  3  i>3 

Low — Ttf-.-h-.tja.  M-thods  :i  i>re  Analvsis                                                           St-:.  3  iX> 

MiLLSK — •^■xr.-.i^  Prv:s3S                                     ..                                              12ti:o.  I  «X> 

Mir.ujl"  .t  AisuvtiJf                                         ..                                             liTT.-:.  L  'JO 

MiN'ET— ?r:.i-ict...-n  :t  Al-:=:i::==  ird  it*  Ini-irr.il  Vse.  Waldo  .  IZm-^.  2  30 
Price  A='i  Mx.\::£ — The  Td^-lt=:cAl  A=al:r«i5  :£    Brass  as  i  the  Noit-F^mus 

.\::;7<j                                                                                                       lJ=o.  *2  00 

RiCKETTS  a-d  >I:-_iaat  —  N"--.;s    .r.  Aisavrr^c                       ...                     v."-?.  3  *yO 

RoBiNE  xr.i  LS.N..L3V — r  -xr..  it  ir.  i-iitr".-         Le  Clexc Svo.  4  00 

SsAStON — Mir. iol  :  :r  A.^say-ir*  ir.d  'Cz^rzis's                     Ssiall  Sv».\  *'J  30 

Ulce — M  rtieri  Electr.-i v-ic    J.:pper  ReriT.ng. >vj,  3  OO 

Wilson — Cyxz:iZMt  rricesaei 12tno.  1  50 


ASTRONOMY. 

CoxsTOCS — ?:•:'.  £  .^trrtrrrr  f  :r  E=^re«r5    Svo.  2  30 

Cl^ig — Air;  it.^     .                                          4to,  3  50 

Ca-OTOALL — T-iX'.-'Z'y.'ic  :-.  •'•^-•fi-n-  i.t i  Least  >;::ar-!j Svo.  3  00 

DoOLirTLE — Tr-ati^  :-  ?t-i;v.:j.  Ajtr.  =  :  =  7 Svo.  4  00 

Haytou) — T*xt- :•:•.*    t    j*.- lit: :  Ast-;- :  =  v    Svo.  3  00 

HosMER — Azi=:-ti-                                 16mo.  s:or..  1  00 

Text-biick  ;-.  Prxz-.i ziL  .Kszrzn'i:=^7 S-k-o.  *2  00 

Merriman — E".er=e-ti  ;:  Pre-rje  S-irvey:r:j<  ar.l  Cre«>iesT Svo.  2  50 

MiCHiE  icl  H*Ri.r..-»- — ?rx:t:;a:  A*tnr  :=y. .  . Svj.  *i  OO 

Rl-st — Ex-=-r.i:an  Altit-ie    Azirt-th  ir:  i  Star-Fir.dir.^  Tables. Svo.  5  00 

White — EIe=ie=is  of  Tbe-iretical  a=  i  D«5cr:pt:rc  .^jtrjsodv 12mo.  ^2  00 


BIOLOGY. 

CoHXHErif — E-r:.-r:e» 12aio,  •!  50 

Davenport— 5tat:it::al    Methods   w.th   Special   Refereace  to   Bi->1 osteal 

Vir_a:::=  l«5r=o.    =:'>r..     1  50 

Effront  XT.  i  ?aE5«:  jTZ — E-syne*  a- i  Their  Applications Svo.     3  00 

El-ler  A=i  Pope — 'Vtrifra;  7-*-ti:«tr>*  :'  the  Enxy=:e« Sv  >.  •3  00 

M.«T— Lisht  Azl  Behavt  :t  .:  C»r.jar^5=:s         Svo.  ^2  30 

PRKSCOTT  ar.-i   Wivsi^jw — E!*— errts    :-:    Water  Bacteho.  .-iCy .   with   S^eolil 

Refercr.:*  to  Sanztar;''  Water  Analysis.     Th^i  Ei:t:on.  Rewritten. 

Smai:  Svo.   *!  75 

Ward  aal  Whipple — Frr<h»-i*.«r  a:-'!?«cy 1%  Pret«.i 

Whipple — Th«  M-.ur:*c  iz  y  :f  Dr.r.icr.a  Water Sv  ».     3  50 

WiNSL»jw — The  5ysts=iat:;  Relauiiish;?  jf  the  Cvxc^ceae Saall  Svj      2  30 


CHEMISTRY. 

AB9CRHALr*r\- — Pbys:-".:-j::a;   Cherr.isf:.-  :=  Thirty   Lectures.       Hall  ar.c! 

Defren  ....  Svo.  •5  iX> 

Abcgo — Tbe-ir-'  --  E'.*-::r.'.yt:--  I>.5*.x:iaticr..       vos  Ende.      lirr..^.  •!   25 

Alsxeteft — Ge-eral  Prl=::p'.es  ;:  Osasic  Syr.:he*es.       MATtKkws.".   Svo.     3  00 

3 


3u  I- 


/^ 


book  of  Organic  Chemistry.     (Walker  and  Mott.)..8vo.  |2  50 

>f  Paint  and  Varnish  Products Small.  8vo,  *2  50 

Pigments Small  8vo,  ♦S  GO 

oists'  Handbook 8vo,     3  00 

ns  for  Laboratory  Work  in  Physiological  Chemistry .  .  8vo,     1  25 
Methods  for  the  Chemical  Analysis  of  Special  Steels,  Steel- 
Hoys  and  Graphite Small  8vo.     3  00 

al  Chemistry (In  Preparation.) 

•um  Analysis.     (Tingle.) 8vo,     3  00 

plication  of  Some  General  Reactions  to  Investigations  in 

hemistry.     (Tingle.) 12mo,     1  00 

*ood  Inspection  and  Analysis.    Third  Edition.     Rewritten 

idrew  L.  Winton 8vo, 

stry  of  Organic  Compounds.      (Lorenz.) 8vo. 

assaying  and  Metallurgical  Laboratory  Experiments.  .8vo. 

ethod  of  Ore  Analysis 8vo, 

teel  Structures 12mo, 

emical  Analysis.     (Cohn.) 12mo. 

N — Principles  and  Practice  of  Butter-making 8vo, 

igments  and  their  Vehicles 12mo,' 

try   Guide   to   Qualitative   Analysis   with  the   Blowpipe. 

12mo. 
ion  of  Water.     (Cheniical  and  Bacteriological.)..  .  .  12mo, 
(Considered  Principally  from  a  Sanitary  Standpoint.) 

8vo, 

t  Principles  of  Chemical  Theory 8vo, 

atory  Manual  of  Dyeing  and  Textile  Chemistry Svo, 

Third  Edition.     Rewritten Svo. 

ation    of    Radicles    in    Carbon    Compounds.     (Tingle.) 

tion 12mo. 

Process 1 2mo, 

lying 1 2mo, 

1  of  Aluminum  and  its  Industrial  Use.     (Waldo.)  .  .  12mo. 
fchnical    Calculations   for   Sugar   Works.     (Bourbakis.) 

12mo. 

try  Text-book  of  Chemistry 12mo, 

s  of  Physical  Chemistry 12mo. 

istry  for  Electrical  Engineers r2mo, 

Its  in  Organic  Chemistry 12mo. 

:anic  Chemistry 12mo, 

ns  used  in  Cane-sugar  Factories lOmo.  mor., 

Chemical  Theories  and  Laws Svo, 

il   Method  for  the  Identification  of  Pure  Organic  Com- 
V^ol.    I.      Comipounds  of    Carbon     with     Hydrogen     and 

Large  Svo.     5  00 

3genous    Compounds (In    Preparation.) 

Commercial  Dyestuffs Large  Svo, 

:>(  Drugs  and  Medicines 12mo. 

ations  on  Chemistry.     Part  One.     (Ramsey.)  ....  12mo, 

Part  Two.     (Turn bull.).  12rao, 

t  Chemistry.     (Hall  and  Williams.) Small  Svo, 

-E — Dyeing  and  Cleaning  of  Textile  Fabrics 12mo, 

Test  Book  of  Chemistry 12mo, 

lemistry  in  the  Service  of  Medicine.     (Fischer.)..  12mo, 

md  their  Chemical  Constitution.     (Biddle.) Svo, 

JSLOW — Elements  of   Water   Bacteriology,   with   Special 
to  Sanitary  Water  Analysis.     Third  Edition,  Rewritten. 

Small  Svo, 

icce-Dyeing Svo,  * 

iDMAN — Air,  Water,  and  Food  from  a  Sanitary  Stand- 

Svo, 

BR — Notes  on  Assaying Svo, 

>n  and  the  Preservation  of  Food Svo, 

Manual  for  the  Chemical  Laboratory Svo, 

•:n — Cyanide  Industry.     (Le  Clerc.) Svo, 

in  Industrial  Chemistry  (Loose  Leaf  Laboratory  Manual). 

(/«  Preparation.) 
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00 
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00 
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00 
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00 
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00 
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00 
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♦O  60 
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00 
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00 
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*1 

50 
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♦1 
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♦l 

25 

5 

00 

♦l 

75 

25 

00 
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00 
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00 
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25 
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00 

RuDDiHAN — IncompatibiliilM  in  Pmcripiioni. . 

Whys  in  PhBrnucy 

RfEi — BliiiBrnli  of  Mctallnmaphy.  (Mathew 
SabIN — Inilmtria]  and  Artistic  Tfcbnology  of  P 
SALKon'SKi-'  Phyii>it<.>ti<;al  xbA  Patbolo^cal  Chi 
ScHIMFf — Etwitials  of  Volunwiric  Amlyni.    . 

Manual  vf  V..'.iiaw.rie  Analyiio 

Qu^'AtativcC-mioai  Anatiiii 

SeaW'IN  -Manua:  fir  .\iiuycn  aal  Chc9i:t;t 
Smith  -Lf.-!3»  N'.>-.h  k  OKmitin'  lor  Dcsta: 
SriNt.-Ki-tlir..IV.  '4  jjr  C.9«  SuKir  Mu-.afa.:; 


SiKCKuai 

>:i:— RvkiA 

1  S.J-:.. 

St,.si--P 

...ti-A:  T*Ki.- 

I  ■>;  «-.»  Ar.j  Gai  Umc 

TlLltltM- 

«3cr>:  Citminnr 

E-.es: 

r.IA-y  Uw-n 

is  Htf.    . . . 

T>*AMVKI 

L— OuA:i;a;:v 

(Ana:yti(.     .Hall.i    . 

Ooar 

B>.       Hail.' 

Tfm\>«< 

I— PaKic  Waier-ttijpp'. 

VlNA>I.I 

-M«!h--!F  A=. 

D.i-i.-«!oTBK!B«:- 

Wa«P  A!-. 

WHTrnc— Fn^hvAtcr  Ko'.c«>-. 

Wa.i-B 

«:->a«Ar  Mar 

sfk-tMn  aaJ  lte£R:=4. 

Wa*hix  - 

•v-Mas-ji: 

f:>..  0:«=i;alA=a--r« 

WUFS- 

\i:\::^rw  E.r 

Weh  — .jSritriGs 

it  in  0-.:A:t1atIvc  Chn? 

Sh-T- 

C   ■;:!*■.=  «: 

tAn:;  0=»i--*i:«  Che= 

-«■" 

i.^\Vi  C-ws. 

-^  V— 1.-^.-  ■ 

W»:r»-..- 

•  I>^.irr.c.<A:K 

-vA-:>  Pra»«. 

W:it.-s- 

M:.T->«;jv  : 

■■sct-j::.  Fwi. 

CIVIL  ENGINE! 


ts  of  the  Engineer's  Transit  and  Level. ......  ,16rao.  bds.,*|0  25 

Problems  in  Surveying.  Railroad  Surveying    and    Geod- 

.  .16mo.  mor.,  .  1  60 

md  Smith — Theory  and  Practice  of  Surveying .  Small  8vo,  ♦S  50 

ics  by  Algebraic  and  Graphic  Methods 8vo,     2  00 

LOW  and  Pratt — Sewage  Disposal 8vo.  *3  00 

i  of  Specification  Writing Svo.  *1  25 

live  Geometry Svo,  *1  50 

lents  of  Precise  Surveying  and  Geodesy Svo,     2  50 

-Handbook  for  Surveyors 16mo,  mor..     2  00 

lurveying Svo,     3  50 

>nstruction Svo.     3  00 

12mo.     2  00 

4ND — Practical    Methods   of   Sewage    Disposal    for    Resi- 

lotels.  and  Institutions Svo.  *1  50 

&1  of  Municipal  Refuse Svo.     2  00 

on  Civil  Engineering Svo,   half   leather.     7  50 

lical  Drawing  and  Sketching 4to,     5  00 

iking  under  Difficult  Conditions.    (Corning  and  Peelb.) 

Svo,     3  00 

IN — Modern  Stone-cutting  and  Masonry Svo.     1  50 

f  Topographical  Drawing.     (McMillan.) Svo,     2  50 

entilation  of  Subways 12mo,     2  50 

in  Surveying 12mo,  mor.,  *1  (X) 

ng 16mo,  mor.,     3  00 

:e  Crematories  in  America .  . .  .  ^ .* Svo.     2  00 

Devices  for  Bacterial  Treatment  of  Sewage Svo,     3  00 

i  and  Architectural  Jurisprudence Svo,     6  (X> 

Sheep,     6  50 

lets Svo,     3  OO 

itions  Preliminary  to  Construction  in  Engineering  and 

ire Svo,     6  (K> 

Sheep,     5  50 

►my — Problems  in  Stone-cutting Svo,     2  60 

;- Pocket  Hand-book  of  Mathematics  for  Engineers. 

2|  X5l  inches,  mor.,  *!  00 

ion.  Including  Tables mor.,  *1  50 

in  the'  Use  and  Adjustment  of  Engineering  Instruments. 

lOmo,  mor.,     1   20 
jibic.  Trigonometric  and  Geodetic  Surveying 8yo,     3  65 


BRIDGES  AND  ROOFS. 


Perms.     Loose  Leaf  Sheets,  each *0  02 

ails  of  Hip  and  Valley  Rafters Oblong  large  Svo.  *1   76 

fting (In  Press.) 

Treatise  on  the   Construction  of  Iron  Highway  Bridges 

Svo.  2  00 

Bridge Oblong  paper,  *5  00 

Bridges (Ready,  Pall  1913) 

sign  and  (Construction  of  Metallic  Bridges Svo.  5  (X> 

for  Bridge  and  Roof  Computations Svo,  3  (X> 

cs  of  Engineering.     Vol.  II Small  4to.  10  00 

n  Wooden  Trestle  Bridges.     Fourth  Edition 4to.  *5  00 

Foundations Svo,  3  50 

Wood,  Iron,  and  Stone Svo,  2  50 

Svo,  2  50 

Svo.  1   25 

Stresses  in  Bridge  Trusses Svo,  2  50 

n    Structures    and    the    Accompanying    Deformations. 

8vo.  3  00 

imple  Roof-trusses  in  Wood  and  Steel Svo,  2  00 

asonry  Arches Svo,  2  50 

hes Svo,  4  00 

7 


Hl'DSOX — Deflections  and  Statically  In dctcrmiiite  S:reise::.    .     .    £=:i.".  4:-  •53  W.t 

Plate  Girder  Design *v:    •:   >. 

JaCiJBY — Structural    Details,    or    Eletoer.is   :■:    Oti-.rr.  :-    Ilriv-    rri.—..z^ 

*"      •-  -^ 
Johnson.  Bryan  and  Turneaure — The<.>r>-  ar.-i  Pri;i::=  :-  -ri-  Hp-scpr-i^  .f 
Modern  Framed  Structures.      New  Ed:*.:.-. 
Part  I.     Stresses  in  Simple  Structures .     .  •--    *'     ■ 

Part  II.     Statically  Indeterminate  Structures  anf  Se;-.r.  I-r—  S:rrEJ*« 

*-.-      •i    r 
Merriman  and  Jacoby — Text-book  on  Roi-fs  a-i  3r.i?=5: 

Part  I.     S*.rt-5se^  in  S:mji".e  Trusses.  .  .  ?  — 

Par*.  11.      Ora;jhiv  Statics *-..        - 

Part  III-     Br:  lee  Design 

Pan  IV.     Higher  Structures r  - 

RiccER — Dt-siijr.  and  Construction  of  RocjTj  •  * 

SoNr»ER:cKEK — liraph:c  Statics,  with  Applici*.-.  rj.  :      Tru??-*-;     St  ::.=■.-    iT - 

_\y;  V'.es ...  » •       • 

WA^^'ELL— De  Por.t-bus.  Pr^rket-book  for  Briirt  Er.-Jrr-.-?  >  -r.      —    -        J 

Spe..i£catiL'=.s  for  Stetl  Bridges IJ— ■     *• 


HYDRAULIC  f;. 

Barnes — ! -.c  r.-rtr.a::- r.    .....                                                                  *-.■■  :■  •; 

B\2:n-    Hi;.*,  r.rr.i.:.:?  uj«r.  ir.e  C.  r.tra  :::-.■-.  .:'  ::.-  L:/-.i  '-.t.-   I-.-j  - ,:  :-   — 

ir. '.»r  •^..  c.        Tra'.7wine.»                                                                           »--  -  i 

H  'VI.  V — Ttv-'.  -'.  .      H V  ^*aul'.,.*                                                                               »■  -  '  t 
C-i".  kL  Jt— L».-i>:r..-r.:«     :  Mc^n  W.-.rcity  cf  Wi:er  :-   ■'.>;►::    "7-.ir.-r- 

H- ■>.._::.   ?»:■:  r-:    .                                                                    '           ■'~^-  j  ^ 
Mt-.r-.i-i-?     f  r!.::.i.-    3e:r.s  Par:  IV  :>''  N!t.r.-:...j     :'  Er.*.-  r    -  -  -..         *•■ 

C  ntis  -I. ^Ti; ":.- .a".  >  ■jt:  -r.    -f  Hylrau':.  rV:".'. T.f                            l-rr       —    -  _  ' 

FLKTHE^ii — L*;  .-. a-:;  rrt't-r-.  ar  ■!  thv  Mltaf-urtrr.t: :     :  j  .tivt    .                    '. _-  :  » 

F^'Lwrii  —  W.-"'.  r---;  :■>.■  EnirLrieeriri;?    .                                                                *-  .i  • 

Fk:7FLL— WaV.-r- ;.-■.■  ■.\<.r.                                                                                                  *  "  ■ 

FlT-XTF." — W:.>.r  .^n  :  Pu :.:■'.  Ht-al-.h.                                                                    :_—  :  '• 

F\-:.iLk--D  rr.i:-.      \V'.:'.-r  Su ;.<;.■  :■.■•■  :..r  :bt  ^i-n:                                               *■  •:  > 
G\n-.-.l-:l-.  r:  :.-  ]  K':  :l-.  — '.'icr'.-i*.  F-'ts-.-j'- :'■■  -  •-■.  Vr.::'  -rr-  F:   —  ■■:  Tr^-r- 

r;\7TN-    ■.    •: ..r    «\    •.-.  ■  .»' :  ::    ■:  -.  ■    't..:  j,:                                                 : — t.^  .  *.  .  .• 

I^^i-':  .  :.    ix^"       T     ■  :  -    _:  ■'.  Tjr.ij-  ;    '  '»V^:-. --•-    -.:■                                              -  j  "■ 

}n  ."■\"r  .■_!.'   ■  •  i,      £  •■  — K:  ■■.'  !•..■»  r.i-i'*. .                                                                 *  ■  _■  > 

:i-  ij'u?:.:    ..-.  .  il  LJ^:-!'      'iV;.-ir-u- ri:^  M^:.-.-- —  ;.r:  i.::.  1  M-.rt: -:lt.   -    *  t  * 

L^v:-.N      I';-;     :r:':    j.r- .    r"i-'*.ri::.".   !>. -".:'.:*..  ■•.    ;.■!   "W^vr    ?'    •■  •  -       -•  •  ■ 

:•     -.■-                                                                                                                           *  ,  •' 

Mr  k  v■v■^^- -11.   -  ■. : -r    ■:":■:;    ■-i.i:"..s    .                                                                 :.-~  •^  • 

7r'..".«.r     ::   :!     Ir:.:;.;^.      v:':.  Zli'.i   r.    Revr.:';-                                        *  •-.  • 

M  ■:  ::■  *. —  ;:■■  .'.•.-  i   =  ;■:  ?»:\-ir-    Wi:r>   ir  :  f!u-.-.  e?                                           »■•  ■  *_  • 

M.Ric!"*    N   1-  ■'.  rii    :    r--'~.^'-.  M :.«... r.rv  iJurr.  Zh--.^".                                      •"■■  •  !  v 

Kr."T    V-   V-     -.-.r    ..-  '•  'V:.-.t-j  :-r    ■■r-.rr.--r..-:  p-j"..-i--                             ii-  •_  • 

-■-■:-.■           >v  ■   :.-.  T.  ..*. :.r.    P.t  v: ?£..-:  :.r. ::  Er'.i'ft-'                   L:^?^:    *■  •  •  • 

4-  •-  -. 

T.  ivr^    ». :    ..-  1  y    -?■•.:  —  ?"■.-■.  :  'iViti-r-rj:  T-'if?                                            *-  '  » 

W»-..v  ^Nv    ■".>■...;•     .-            -.:■.-■>;•:    r.  .■!  I'.-r:.^    '  »'.::.  £■  .  s-r.l.vr*-'.'-.             4:  •■  • 

'^"..■■-  >:  -    .        ■  •':    •?  .•       •:  .\  •. -vi  Y.Tk  :r  rr.  j'..'i«»  : .   Iv.'t                     4*  I  » 

"U"'    ■■    .  i       '•  ..'■..:     •'   :'..-.    '\Vi.--.r                                                                    ^rr:.     *-.  • 
^\" !    "i           .":■"».  .    "A"..'-*  >..':.•.     :  Nr""^  Y' rik    "  •■                                            •»-■••.► 

■"'^      "^    N       ".--.w.*     :    ':".:. L.r.i-\.ri::t                                                                                   •«■-  4  ► 

■*.■■;•      T  -■ :  .r.ii                                                                                                           ^-.■.  .  j  Tv 


MATERIALS  OP  ENGINEERING. 

Bakbh — Roads  and  Pavements 8vo,  $5  00 

Treatise  on  Masonry  Construction 8vo,     5  00 

Black — United  States  Public  Works Oblong  4to,     5  00 

Blanchard     and    Drowse — Highway    Engineering,    as    Presented    at    the 

Second  International  Road  Congress.  Brussels.  1910 8vo,  *2  00 

Text-book  on  Highway  Engineering 8vo,  *4  50 

Bottler — German  and  American  Varnish  Making.     (Sarin.)  .  .  .  Small  8vo,  *3  60 

Burr — Elasticity  and  Resistance  of  the  Materials  of  Engineering 8vo,     7  50 

Byrne — Highway  Construction 8vo,   .  5  00 

Inspection  of  the  Materials  and  Workmanship  Employed  in  Construction. 

16mo,     3  00 
C.iURCH — Mechanics  of  Engineering 8vo,     6  00 

Me::hanics  of  Solids  (Being  Parts  I.  II.  Ill  of  Mechanics  of  Engineer- 
ing)   Rvo.     4  50 

Mechanics  of  Fluids  (Being  Part  IV  of  Mechanics  of  Engineering)  .8vo,     3  00 
Du  Bois — Mechanics  of  Engineering: 

Vol.  I.     Kinematics,  Statics.  Kinetics Small  4to,     7  50 

Vol.  II.     The  Stresses  in  Framed  Structures.  Strength  of  Materi.als  and 

Theory  of  Flexures Small  4to,   10  00 

Eckel — Building  Stones  and  Clays 8vo,  *3  00 

Cements.  Limes,  and  Plasters 8vo.  *6  00 

Fowler — Ordinary  Foundations 8vo,     3  50 

Fuller  and  Johnston — Applied  Mechanics: 

Vol.  I.     Theory  of  Statics  and  Kinetics (Ready,  Fall  1913) 

Vol.  II.     Strength  of  Materials (In  Preparation.) 

Greene — Structural  Mechanics 8vo.  *2  50 

HoLLEY — Analysis  of  Paint  and  Varnish  Products Small  Rvo.  *2  50 

Lead  and  Zinc  Pigments Small  8vo.  *3  00 

Hubbard — Dust  Preventives  and  Road  Binders 8vo,  *3  00 

Johnson — Materials  of  Construction Large  8vo.     6  00 

Keep— Cast  Iron 8vo.     2  50 

King — Elements  of  the  Mechanics  of  Materials  and  of  Power  of  Transmis- 
sion   8vo.  *2  50 

Lanza — Applied   Mechanics • .  .  .  8vo,     7  50 

Lowe — Paints  for  Steel  Structure-* 12mo.      1  00 

Maire — Modern  PiKments  and  their  V^ehicles 12mo,     2  00 

M AURER — Technical  Mechanics 8vo,     4  00 

Merrill — Stones  for  Building  and  Decoration 8vo,     6  00 

Mbrriman — Mechanics  of  Materials 8vo.     5  00 

Strength  of  Materials 12mo.  *!  00 

Metcalf — Steel.     A  Manual  for  Steel-users 12mo.     2  00 

Mills — Materials  for  Construction (/n  Prexs.) 

Morrison — Highway  Engineering 8vo.     2  60 

MuRDOCK — Strength  of  Materials 12mo.  *2  00 

Patton — Practical  Treatise  on  Foundations 8vo.     5  00 

Rice — Concrete  Block  Manufacture 8vo,     2  00 

Richardson — Modern  Asphalt  Pavement 8vo,     3  00 

RiCHKY — Building  Foreman's  Pocket  Book  and  Ready  Reference.  lOmo.mor.,     5  00 

Cement  Workers'  and  Plasterers'  Edition  (Building  Mechanics'  Ready 

Reference  Series) 16mo.  mor..  *1  50 

Handbook  for  Superintendents  of  Construction Ifimo,  mor.,     4  00 

Stone  and  Brick  Masons*  Edition  (Building  Mechanics'  Ready  Reference 

Series) IGmo,  mor..  *1  50 

Ries — Building  Stones  and  Clay  Products 8vo,  *3  00 

Clays:  Their  Occurrence.  Properties,  and  Uses 8vo,  *5  00 

and  Leighto.n — History  of  the  Clay-working    Industry    of    the  United 

States 8vo.  *2  60 

and  Watson — Engineering  Geology (In  Press.) 

Sabin — Industrial  and  Artistic  Technology  of  Paint  and  Varnish 8vo,     3  00 

Smith — Strength  of  Material 12mo.  *1  2R 

Snow — Principal  Species  of  Wood 8vo.     3  60 

Spalding — Hydraulic  Cement 12mo.     2  00 

Text-book  on  Road  and  Pavements 12mo,  *2  00 
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uiual  of  Drawing 8vo,    pai)cr. 

IAN — Elements  of  General  Drafting  for  Mechanical  Engineers 

Oblong  4to 

sxnatics  of  Machines 8vo 

iction  to  Projective  Geometry  and  its  Application 8vo 

TES — Stereotomy Svo 

»  and  Strucloral  Design Svo 

)ok  on  Shades  and  Shadows,  and  Perspective 6vo 

Itural  Drafting oblong  quarto 

and    Problem  Sheets  to  accompany  Agricultural    Drafting 

each 

lERG — Architectural  Drafting Oblong  4to, 

:kenzie — Working  Drawings  of  Machinery.  (Ready  Fall,  1913.) 

anced  Mechanical  Drawing 3vo 

Df  Mechanical  Drawing Svo 

ne  Design: 

Linematics  of  Machinery Svo 

Form,  Strength,  and  Proportions  of  Parts Svo 

Jarr — Machine  Design Svo 

ements  of  Descriptive  Geometry Svo 

s;   or.  Practical  Mechanism Svo 

il  Drawing 4to 

>iagrams Svo 

criptive  Geometry Small  Svo 

riptivc  Geometry  and  Stone-cutting Svo 

Drawing.     (Thompson.) Svo 

-iptive  Geometry Svo 

-aphical  Drawing  and  Sketching 4to 

deal  Drawing.     (Elementary  and  Advanced.) Svo 

of  Mechanical  Drawing  and  Elementary  Machine  Design.  Svo 

inciples  of  Mechanism Svo 

Merrill — Elements  of  Mechanism Svo 

and  Marx — ^^Machine  Design Svo 

(anual  of  Topographical  Drawing.     (McMillan.) Svo 

Hements  of  Mechanical  Drawing Oblong  large  Svo 

»RTH — Descriptive  Geometry (In  Press.) 

ments  of  Descriptive  Geometry,  Shadows,  and  Perspective. Svo 

of  Machine  Construction  and  Drawing T  .Svo 

of  Plane  and  Solid  Free-hand  Geometrical  Drawing. .  .  .  12mo 
roblems  of  Shades  and  Shadows Svo 

Elementary  Problems  in  the  Linear  Perspective  of  Forms  and 
>ws 1 2rao 

Elementary  Projection  Drawing 12mo 

blems  in  Elementary  Geometry 12mo 

inematics    and    Power    of  Transmission.     (Herrmann    and 

«.) Svo 

.) — Topographic,  Trigonometric  and  Geodetic  Surveying .  Svo 
jscriptive  Geometry Svo 

Lettering Svo 

Perspective Svo 

entary  Course  in  Descriptive  Geometry Large  Svo 
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25 

00 
50 
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00 


ELECTRICITY  AND  PHYSICS. 


y  of  Electrolytic  Dissociation,     (von  Ende.) 12mo,  *1  25 

Ball — Lecture-notes  on  the  Theory  of  Electrical  Measure- 

» 12mo,     1  00 

CETT — Text-book  of  Physics.     (Magib.) Small  Svo,     3  00 

story  of  Electricity Svo,     3  00 

Refining  and  Electrolysis Svo,     4  00 

Le  Chatelier — Measurement  of  High  Temperatures.     Third 

m Svo,  ^4  (X) 

-Wiring  Exercises  (Loose  Leaf  Lab.  Manual). (/n  Preparation.) 
intitative  Analysis  by  Electrolysis.     (Hall) Svo,  *2  50 

11 


C  >i  i.iNs — Manu;U  of  Wireless  Teleuraphy  and  Telephony l2mo.*Jl 

Cakhokk  an»l  Sqi'IKR — Polarizing  Photo-chronograph Svo.     3 

Dannkki.    -EkvlTin-hi'mislry.     (Merriam.) 12nio.  *1 

0\ivsitN  — "  Engint'cring  '"  ani  Electric  Traction  Pocket-book    .  Ir'irr.o.  mor..     o 
UoiE/ALKK     Theory  of  the   Lead   Accumulator   ^Storage    Battery •;     tvoN 

Eni»kJ 12mo.     2 

Di  HEM- -Thcrnuv'.ynamios  ami  Chemistry.     (BvRUESS.) Svo.     4 

Fi  xriiKR  -   l")vn/iTr.« •meters,  ani  the  Measurement  of  Power 12mo,     3 

TihiNivN  -Intr."  ?u^:;on  to  Physical  S*.ience    12nio.  *! 

Otii  HKKI      IV  M.innete.      iMottklay.) >vo.     2 

H  \N\  uv  It      Al:cT-r..it;::>;  Currents liTn--.  *1 

llt^RiN  .     RtA'v  Ri'ftrenoc  T.iMes  *Csm version  Factorsi...    .         I'^zz:    n:.r..     2 

H'.v.V!K   -  E*.c->t'u-  l--.vht::*.»;  and  Distribution i/«  fV<--jr^:c*.i 

Hohvk:  a  v..'.  K:  I  :>  -  M:»:h-<;vcd  Dynamo  Electric  Machinery  >-.    .  *»5 

lioivw      r-c.:v. :-.   ^i   Measurements. Svt.     2 

".Ws.-  •vc-\'.:rT  t-s^a'.v  Mcthov*.  Adjustments,  and  Trtts  Uir*e  "•..■.     0 

ii',  Tv  rUN>.^N      :l:»:'-.-Eihc:er.cy     Electrical     lUuminants     and     I--rr:ri::.c 

Srr.il".  <•.-■:. 

K^Ni^     H.r'.-:r..:  Ijrr.-.::.''r.  :-:r  Combustion  Motors ^v:.. 

K\K\r4:>*>"     ii.c •::■.< r.-.arv    Electrical    Testing    (.Loo:ke    Leaf    Lab.    V^zual 

4t.-.  Paper. 

t!\;v-.rr.?r:a-  E>c:r.c^  Engineering: 

»    ■    .                                       >v:. 

»  .-      ..                                                                 >:-. 

Kn:**.;  ^^¥<    -ri-st-.r*   ••  CT.::nuou»-currer.t   Machines  >v-.. 

K,v  ■      Va:-.'— i:-.-s  /:  A7:.-'l:e '.  E>c:ricity Str.all  Sv:. 

',.*N.'*-.  VK     >-,y*::r.:~  Ar. !!>■<:*.      .Tinole.: >v- 

l.v.  ■••  c     'f  i\::~va1  Ir-^rre*                                         ....                          .  !•=:. 

X  f .  -  V,-  :  A : . .  —    :-.  rr.  E.ectr-..-  an  i  Trau  m a-.ic  Shoe k .  etc .  ". '  =•: . 

'.  •    -■■>  .r.  ;,*•  s.*   ;vf*  crrr.ne. 

*.■.■»•     ':*  c.  :">.  "-r-rr-STr-w  .'C  vVear.:*- C.^'sn^-un  i?.        LciRENi.  '»v 

.  »v.vv      W  .'i  .-."rrj-:  ^ni  E>.-:r:,-Al  Distribution  o:  Wa:tr  ?.  w^tr  >t.. 
".  "■  .'v^      V-,-:  :  >c  ,  -  K,'.<v:-."rr.i*r"-et'..-  Phen-"»nr-ena.      WViS.  1  ani  II   >r:   ja.! 

V**-   N      V.i.-i-^-r-.f-':  .'C  Ir.'.UL-f.on  5h>ck*         .     .  :i— 

V  »      1      y..'-';-:^  .-c  1Va\-y  Mcr.-.-.  Relatin-s  :.■»  S-;uni  ani  I..i£rt 
V .' «. » \  c  .'•■  -^    y  .'■: :  ~ :  a!  V.  jc  -  inerv.      Tc.\t  -b  >;-k  5  — 

V  *i..vv      •"*.<.!    »r  *'*T.<:r-.- :.'r  E*.ec:r:cj»l  Encir«rit  ".."^  . 
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tise  on  the  MiliUry  Law  of  United  States 8vo.*$7  00 

litary  Law  and  the  Procedure  of  Courts-martial. .  .Small  8vo,  *2  50 

Courts  Martial 16mo,  mor..     1  50 

leering  and  Architectural  Jurisprudence 8vo,     6  00 

Sheep,     6  50 

>>ntract8 8vo.     3  00 

Operations  Preliminary  to  Construction  in   Engineering  and 
litecture 8vo.     5  00 

Sheep,     5  50 


MATHEMATICS. 


)tic  Functions 8vo, 

nents  of  Plane  Analytic  Geometry.     (B6cher.) 12mo, 

Plane  and  Spherical  Trigonometry 8vo, 

Mechanics  for  Machinists (In  Preparation.) 

tthematics  for  Machinists {in  Preparation.) 

rmonic  Functions 8vo, 

—Relativity 8vo, 

Elements  of  the  Infinitesimal  Calculus 12mo, 

tor  Analysis 12mo, 

[anual  of  Logarithmic  Camputations 12mo. 

>llege  Algebra Small  8vo, 

iry  Theory  of  Equations (In  Preparation.) 

tion  to  the  Theory  of  Algebraic  Equations Small  8vo, 

iuction  to  Projective  Geometry  and  its  Application 8vo, 

tions  of  a  Complex  Variable 8vo, 

ementary  Synthetic  Geometry 8vo, 

{  of  Geometry 8vo, 

Geometry 12mo, 

:  Projective  Geometry 8vo, 

ectures  on  the  Theory  of  Elliptic  Functions 8vo, 

.mann's  Space  Analysis 8vo, 

B.)  Three-place  Logarithmic  Tables:    Vest-pocket  site,  paper. 

100  copies, 
Mounted  on  heavy  cardboard,  8  XIO  inches, 

10  copies. 

Abridged   Editions   of    Differential    and    Integral    Calculus. 

Small  8vo,  1  vol.. 

racing  in  Cartesian  Co-ordinates 12mo, 

ial  Equations 8vo, 

iry  Treatise  on  Differential  C:ilculus Small  8vo, 

iry  Treatise  on  the  Integral  Calculus Small  8vo, 

:al  Mechanics 12mo, 

i  Errors  and  the  Method  of  Least  Squares 12mo. 

on  Differential  Calculus Small  8vo, 

on  the  Integral  Calculus Small  8vo, 

on  Ordinary  and  Partial  Differential  Equations ....  Small  8vo, 
—Engineering  Applications  of  Higher  Mathematics: 

Problems  on  Machine  Design Small  8vo, 

ematics  of  Applied  Electricity Small  8vo. 

lilosophical  Essay  on  Probabilities.     (Truscott  and  Emory.) 

12mo. 
IR — Key  to  Professor  W.  W.  Johnson's  Differential  Equations. 

Small  8vo. 

garithmic  and  Trigonometric  Tables 8vo, 

s — Elements    of    Trigonometry    and    logarithmic    and     Other 

8vo, 

aetry  and  Tables  published  separately Each,  *2 

— Vector  Analysis  and  Oua^ernions 8vo, 

Hyperbolic  Functions 8vo, 

rrational  Numbers  and  their  Representation  by  Sequences  and 

5S 12mo, 

jstrial   Mathematics Small  8vo, 

J  Algebra.     Part  I (Ready,  Fall  1913) 
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ly  Reference  Tables  (Conversion  Factors) 16mo.  mor.,  $2  5^ 

i  Ulbricht — Farm  Gas  Engine Small  8vo,  ♦!  60 

r Small  8vo.  *!  26 

wer (In  Preparation.) 

LLis — High  Speed  Dynamo  Electric  Machinery 8vo,  *6  00 

Engine 8vo,     5  00 

cKenzib — Working  Drawings  of  Machinery (in  Press.) 

anced  Mechanical  Drawing 8vo,     2  00 

of  Mechanical  Drawing 8vo,     2  60 

nginc 8vo,     4  00 

Design: 

Cinematics  of  Machinery 8vo,     1  60 

Form,  Strength,  and  Proportions  of  Parts 8vo,     3  00 

le  Shop  Practice Small  8vo,  *l  25 

IBERLAIN — Text-book  on  Tool  Making.  .  .{In  Preparation.) 

nical  Engineers'  Pocket-Book 16mo,  mor.,  *5  00 

and  Power  Transmission 8vo.     2  00 

3arr — Machine  Design 8vo,  *3  00 

Xs  of  the  Mechanics  of   Materials  and  of  Power  of  Trans- 

»n 8vo,  *2  50 

nics  of  Machinery 8vo,  *2  50 

chine  Shop  Tools  and  Methods 8vo,     4  00 

•n  Gas  Engine  and  the  Gas  Producer 8vo,  *4  00 

nematics;  or.  Practical  Mechanism 8vo,     6  00 

il  Drawing 4to,     4  00 

Kagrams 8vo,      1  50 

-Standard  Reduction  Factors  for  Gases Svo,     1  60 

liechanical  Refrigeration {In  Presv.) 

strial  Drawing.     (Thompson.) Svo,     3  50 

as  Engine  Theory  and  Design Small  Svo,     2  50 

Electric  Machinery.     Text- book Small  Svo,  ♦l   50 

book  of  Small  Tools Small  Svo,     2  60 

HoBART — Electric  Machine  Design. .  .Small  4to,  half  leather.*12  60 
ressed  Air  Plant.     Second    Edition,  Revised  and  Enlarged. 

Svo,  ^3  60 

fie  Power  of  Fuels Svo.     3  00 

neering  Reminiscences.  1S55  to  18S2 Svo,  *3  00 

lical  Drawing.     (Elementary  and  Advanced.) Svo,  *2  00 

of  Mechanical  Drawing  and  Elementary  Machine  Design.  Svo,     3  00 

mpressed  Air 12mo,     1  50 

inciples  of  Mechanism Svo,     3  00 

of  Electrical  Machinery: 

Krect  Current  Dynamos Svo,  *1  60 

\lternating  Current  Transformers Svo,  *1  50 

Alternators,  Synchronous    Motors,  and  Rotary  Converters. 

Svo.  *l  60 

Merrill — Elements  of  Mechanism Svo,     3  00 

ress- working  of  Metals Svo,     3  00 

id  Marx — Machine  Design Svo,     3  00 

reting  and  Combustion  in  Alcohol  Engines.     (Woodward  and 

ON.) Small  Svo.     3  00 

:al  Testing  of  Gas  and  Gas  Meters Svo.     3  50 

limal  as  a  Machine  and  Prime   Motor,  and  the  Laws  of 

etics 12mo,     1  00 

1  Friction  and  Lost  Work  in  Machinery  and  Mill  Work.  .Svo,     3  00 

plete  Automobile  Instructor 16mo,  *1  50 

lements  of  Mechanical  Drawing Oblong  Svo,  *1  25 

OWN — Pattern  Making (In  Preparation.) 

cients  of  Machine  Construction  and  Drawing Svo,     7  50 

/est  Pocket  Hand-book  of  Mathematics  for  Engineers. 

2i  X5|  inches,  mor.,  *l  00 

Edition,  Including  Tables mor.,  *1  50 

nematics  and    the   Power  of  Transmission.     (Herrmann — 

:.) Svo.     5  00 

of  Transmission  and  Governors.     (Herrmann — Klein.).  Svo,     5  50 
es SvOi     2  00 
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Boiler  Economy 8vo,  $4  00 

Engineering 8vo,  *4  00 

tice  and  Theory  of  the  Injector 8vo,     1  50 

ide- valves Svo,     2  00 

srn  Locomotive  Construction 4to,   10  00 

Y,  and  Riley — Problems  in  Thermodynamics..  .  .8vo,  paper,      0  75 

a  Turbines Svo,     4  00 

nual  of  the  Steam-engine  Indicator 12mo.     1  50 

the  Properties  of  Steam  and  Other  Vapors  and  Temperature- 

py  Table Svo.     1  00 

namics  of  the  Steam-engine  and  Other  Heat-engines Svo,     5  00 

namics  of  the  Steam  Turbine Svo.  *3  00 

s  for  Steam-engines Svo,     2  50 

iR — Steam-boilers Svo,     4  00 

oduction  to  General  Thermorlynamics 12mo.  *1  50 

odynamics    of    Reversible    Cycles   in    Gases   antl    Saturated 

s.     (OsTERBERG.) 12mo,     1  25 

It,     A  Manual  for  Technical  and  Industrial  Students. 

Small.  Svo.  *1  50 
n  Heat  (Loose  Leaf  Lab.  Manual).  Single  Exercises,  each,  *0  02 
motives:    Simple,   Compound,  and  Electric.     Xew  Edition. 

Small  Sv^o, 

^motive  Engine  Running  and  Management 12mo, 

ook  of  Engineering  Laboratory  Practice 12mo. 

ioilcr  Practice Svo, 

tes  on  Thermodynamics 12mo, 

i Svo, 

nd  Marshall — Elements  of  Steam-engineering Svo. 

n-turbines Svo, 

mual    of    Steam-boilers,    their    Designs,    Construction,    and 

ion Svo, 

the  Steam-engine 2  vols.,  Svo. 

History,  Structure,  and  Theory Svo. 

[.      Design.  Construction,  and  Operation Svo. 

; — Analysis  and  Softening  of  Boiler  Feed-water.     ^Patter- 

Svo, 

at.  Steam,  and  Steam-engines.     (Dl'  Bois.) Svo, 

kt  for  Students  of  Household  Science (In  Preparation.) 

♦dynamics,  Heat  Motors,  and  Refri'jerating  Machines.  .  .Svo,     4  00 

MECHANICS  PURE  AND  APPLIED. 

:hanics  for  Machinists {In  Preparation.) 

anics  of  Engineering Svo,     6  00 

3f  Solids  (Being  Parts  I,  II,  III  of  Mechanics  of  Engineering;?). 

Svo,     4  50 

of  Fluids  (Being  Part  IV  of  Mechanics  of  Engineering)  .Svo.     3  00 

of  Internal  Work Svo.  *!  50 

Examples  in  Mechanics Svo.     2  00 

ok  of  Elementary  Mechanics  for  Cjlleges  and  Schools..  12mo,     1  50 
entary  Principles  of  Mechanics: 

tiematics Svo.     3  50 

atics Svo.     4  00 

jf  Engineering.     Vol.  I Small  tto.     7  50 

Vol.  II Small  4to,   10  00 

INSTON — Applied  Mechanics:  - 

eory  of  Statics  and  Kinetics {Ready,  Fall  I9I3) 

rength  of  Materials {In  Preparation.) 

ural  Mechanics Svo.  *2  50 

tmentary  Mechanics  for  Engineering  Students 12mo,  *1  25 

tics  of  a  Point  and  the  Rational  Mechanics  of  a  Particle. 

Small  Svo,     2  00 

entary  Practical  Mechanics 12mo.  *l  50 

retical  Mechanics 12mo.  *3  00 

I  of  the   Mechanics  of   Materials  and  of   Power  of  Trans- 
Svo,  *2  50 
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BoKCHXSS — Metallnrcr.     (Hall  mnd  Havwaiu>,> Svo.^fS  00 

BUKGBSS  and  Lk  Chatsliek — Measorement  of  Hich  Tempermturrs.     Third 

Eiiition S\-o.  ♦!  00 

DOL'GLAS — Untechnical  Addresses  on  Technical  Subjects V2mo.     I  00 

GoBS£L — Minerals  and  Metals:   A  Reference  Book 16rao,  mnr.,     3  00 

Iles — Lead-smeJiing 12mo,  ^2  50 

JoHN'SON — Rapid    Methods   for  the   Chemical   Analysis  of   Special   Steels. 

Steel-making  Alloys  and  Graphite Small  Svo.     3  00 

Keep —  Cast  Iron 8vo,     2  50 

M ETC ALF— Steel.     A  Manual  for  Steel-users 12mo»     2  00 

MiSET — Production  of  Aluminum  and  its  Industrial  Use.     (Walik>.^.  .  12mo,     2  50 

Palmer — Foundr>-  Practice*    Small  8vo,  ^2  00 

Price  and  Meadc — Technical  Analysis  of  Brass 12mo.  *2  00 

RODENHAUSER  and  ScHOEXAWA — Electric   Furnace?'   in  the   Iron  and  Steel 

Industry.      ( Vom  Bavr.) 8vo,   ^3  50 

RUER — Elements  of  Metallosraphy.     (Mathb\vson*.> Svo.  ♦S  00 

Smith — Materials  of  Machines 12mo.     1  00 

Tate  and  Stone — Foundry  Practice 12mo.     2  00 

Thurston — Materials  of  Engineering.     In  Three  Parts Svo,     8  00 

Part  I.     Non-metallic  Materials  of  Engineering,  see  Civil  Engineering. 

page?*. 

Part  II.     Iron  and  Steel Svo,     3  50 

Part  III.     A  Treatise  on  Brasses.  Bronses.  and  Other  Alloys  and  Their 

Constituents Svo.     2  50 

Ulke — Modem  Electrolytic  Copper  Refining Svo,     3  00 

West — American  Foundry  Practice 12mo,     2  50 

Moulders'  Text  Book 12mo,     2  50 

MILITARY  AND  MARINE  ENQINEERINO. 

ARMY  AND  NAVY. 

Bernadou — Smokeless  Powder,  Nitro-cellulosc,  and  the  Theory  of  the  Cellu- 
lose Molecule I2mo.     2  50 

Chase — Art  of  Pattern  Making 12mo.     2  50 

Screw  Propellers  and  Marine  Propulsion Svo,     3  00 

Cloke — Enlisted  Specialists'  Examiner Svo,  *2  00 

Gunner's  Examiner Svo,  *l  50 

Craig — Azimuth 4to.     3  50 

Crehore  and  Squier — Polarizing  Photo-chronograph Svo.     3  00 

Davis — Elements  of  Law Svo,  *2  50 

Treatise  on  the  Military  Law  of  United  States Svo,  *7  00 

Dudley — Military  Law  and  the  Procedure  of  Courts-martial.  .  ..Small  Svo,  *2  50 

DuRAND — Resistance  and  Propulsion  of  Ships Svo,     5  00 

Dyer — Handbook  of  Light  Artillery 12mo,  ^3  00 

Dyson — Screw  Propellers  and  Estimation  of  Power {In  PreKs.) 

Eissler — Modern  High  Explosives Svo,     4  00 

Fiebeger — Text-book  on  Field  Fortification Small  Svo,  *2  00 

Hamilton  and  Bond — The  Gunner's  Catechism ISmo,     1  00 

HoFF — Elementary  Naval  Tactics Svo,  *1   50 

Ingalls — Handbook  of  Problems  in  Direct  Fire Svo,     4  00 

Interior  Ballistics Svo,  *3  00 

LissAK — Ordnance  and  Gunnery Svo,  *6  00 

Ludlow — Logarithmic  and  Trigonometric  Tables Svo,  *1  00 

Lyons — Treatise  on  Electromagnetic  Phenomena.  Vols.  I.  and  11.,  Svo.  each,  *fi  00 

Mahan — Permanent  Fortifications.     (Mercur) Svo.  half  mor.,  *7  50 

Manual  for  Courts-martial lOmo.  mor..     1  50 

Mercur — Attack  of  Fortified  Places 12mo.  *2  00 

Elements  of  the  .\rt  of  War Kvo.  ^4  00 

Nixon — Adjutants'  Manual 24mo,      I  00 

Peabody — Computations  for  Marine  Engine Svo,  *2  50 

Naval  Architecture Svo,     7  50 

Propellers Svo,      1   25 

Phelps — Practical  Marine  Surveying Svo.  *2  .W 

Putnam — Nautical  Charts Svo,     2  00 

Rust — Ex-meridian  Altitude.  Azimuth  and  Star-Finding  Tables Svo,     5  (K) 
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ElSSLER — Modern  High  Explosives 8vo.     4  00 

Gilbert.  Wightman  and  Saunders — Subways  and  Tunnels  of  New  York. 

Hvo.  *4  00 

GOESEL — Minerals  and  Metals:  A  Reference  Book IGmo,  mor.,     3  00 

Ihlsbng — Manual  of  Mining 8vo,     5  00 

ILBS— Lead  Smelling 12mo.  *2  50 

Peele — Compressed  Air  Plant 8vo,  *3  50 

RiBMER — Shaft  Sinking  under  Difficult  Conditions.      (Corning  and  Peele.) 

8vo,     3  00 

Weaver — Military  Explosives 8vo,  *3  00 

Wilson — Cyanide  Proccswes 1 2mo,     1  50 

Hydraulic  and  Placer  Mining 12mo,     2  50 

SANITARY  SCIENCE. 

Bashore — Outlines  of  Practical  Sanitation 12mo.  *1  25 

Sanitation  of  a  Country  House 12mo,     1  00 

Sanitation  of  Recreation  Camps  and  Parks 12mo,      1  00 

Polwell — Sewerage.      (Designing.  Construction,  and  Maintenance.)..  .8vo,     3  00 

Water-supply  Engineering 8vo,     4  00 

FowLKR—  Sewage  Works  Analyses 12mo.     2  00 

FUERTES — Water-filtration  Works 12mo.     2  50 

Gerhard — Guide  to  Sanitary  Inspections 12mo.     1  50 

Modern  Baths  and  Bath  Houses 8vo.  *3  00 

Sanitation  of  Public  Buildings 12mo,     1  50 

Gerhard — The  Water  Supply,  Sewerage,  and  Plumbing  of   Modern  City 

Buildings 8vo.   ^4  00 

Hazen— Clean  Water  and  How  to  Get  It Small  8vo,     1  50 

Filtration  of  Public  Water-supplies 8vo,     3  00 

Hooker — Chloride  of  Lime  in  Sanitation 8vo,     3  00 

KiNNici'TT,  WiNSLOW  and  Pratt — Sewage  Disposal 8vo,  *3  00 

Leach-Winton — Inspection  and  Analysis  of  Food.      Third  Edition,  Revised 

and  Enlarged  by  Dr.  Andrew  L.  Winton 8vo,     7  50 

Mason — Examination  of  Water.     (Chemical  and  Bacteriological.)..  ..  12mo,     1  25 
Water-supply.     (Considered  principally  from  a  Sanitary  Standpoint.) 

8vo,    4  no 

Merriman — Elements  of  Sanitary  Engineering 8vo,  ^2  00 

Ogden — Sewer  Construction 8vo,     3  00 

Sewer  Design 12mo,     2  00 

and   Clf.vkland — Practical    Methods    of    Sewage    Disposal    for    Res- 
idences, Hotels  and  Institutions 8vo,  *1  50 

Parsons — Disposal  of  Municipal  Refuse 8vo,     2  GO 

Prescott  and   Winslow — Elements  of   Water  Bacteriology,    with   Special 
Reference  to  Sanitary  Water  Analysis.     Third   Edition.  Rewritten. 

Small  8vo,   *!   75 

Price — Factory  Sanitation {In    VreparalHrn.) 

Handbook  on  Sanitation 12mo,  *1  50 

Richards — Conservation  by  Sanitation Hvo,     2  60 

Cost  of  Cleanness 1 2mo,     1  00 

Cost  of  Food.     A  Study  in  Dietaries 12mo,     1  00 

Cost  of  Living  as  Modified  by  Sanitary  Science 12mo,     1  00 

Cost  of  Shelter 12mo,     1  00 

Laboratory  Notes  on  Industrial  Water  Analysis Hvo,  *0  50 

Richards  and  Woodman — Air,  Water,  and  Food  from  a  Sanitary   Stand- 

p'jint Hvo      2  00 

Richey — Plumbers'.  Steam-fitters',  and  Tinners'  Edition  (Building  Mechan 

ics'  Ready  Reference  Series) Kimo,  m*-  r.,  *l  50 

RiDEAL — Disinfection  and  the  Preservation  of  Food Hvo.     4  00 

SoPBR — Air  and  Ventilation  of  Subways 12mo.     2  50 

Turneaure  and  Ri'ssell — Public  Water-supplies Hvo.   $5  00 

Venable — Garbage  Crematories  in  America Svo.     2  00 

Method  and  Devices  for  Bacterial  Treatment  of  Sewage Svo.     3  00 

Ward  and  Whipple — Freshwater  Biology (/n  Prr^s.) 

Whipple — Microscopy  of  Drinking-water Svo,     3  50 

Typhoid  Fever Small  Hvo.  *3  00 

Value  of  Pure  Water Small  Svo,     1  00 
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MISCELLANEOUS. 

Bl-rt— Railway  Station  Senicc 12mo.  *2  00 

Chapik — How  to  Enamel 12mo,  •!  00 

Perrel — Popular  Treatise  on  the  Winds 8vo.    4  00 

PiTZCERALO — Boston  Machinist 18mo,     1  00 

Pritz — Autobiography  of  John Sv>,  ♦-!  00 

Gannett — Statistical  Abstract  of  the  World 24!no.    0  75 

Green — Elementary  Hebrew  Grammar limo.     1  25 

Haines — American  Railway  Management 12m ->.     2  30 

Hanausek — The  Microscopy  of  Technical  Products.     (Wintos.) »>vj.     5  0»J 

Jacobs — Betterment  Briefs.     A  Collection  of  Published  Papers  on  Organ- 
ize'! Industrial  Efficiency svo.     3  50 

Metcalfe — C-jst  of  Manufactures,  and  the  Administration  of  Workshops. 

Svo.     5  00 

Parkhi.'RST — Appliei  Methods  of  Scientific  Manae^ment Svo.  *2  00 

Pi'TNAM— -N'autical  Charts Svo,     2  00 

RiCKKfTS — History  of  Rensselaer  Polytechnic  Institute,  1824-1894. 

Small  Svo.     3  00 
RoTCH  and  Palmer — Charts  of  the  Atmosphere  for  Aeronauts  and  Aviators. 

Obloni;  4to.  *2  00 

Rothericam — Emphasised  Xew  Testament Large  Svo,     2  00 

Ri'ST— Ex- Meridian  Altitude.  Azimuth  and  Star-finding  Tables 8vo.     5  00 

Standage — Decoration  of  Wood.  Glass.  Metal,  etc 12mo.     2  00 

WESTBRMArRR — Compendium  of  General  Botany.     (Schneider.) Svo,     2  00 

WiNSLOW — Elements  of  Applied  Microscopy 12mo.     1  30 
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